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Introduction 


Seismic refraction experiments were successfully carried out 
on the Moon by Apollo astronauts during missions 14, 16, and 1? 
as part of an integrated set of geophysical experiments called 
ALSEP (Apollo lunar surface experiments package) . This final 
report summarizes, through a collection of published papers, the 
seismic data pertinent to the near surface of the Moon. 

The principal objective of the lunar seismic refraction 
experiments was to determine the near-surface elastic properties 
of the Moon. Several specific questions were addressed. What 
was the depth of the fragmental layer, the regolith, which covers 
much of the lunar surface? What is the structure of the regolith 
(is it layered? Is it laterally homogeneous?). How does the 
seismic velocity increase with depth in the upper 5 km of the 
Moon - smoothly or stepwise? 

The principal conclusions from the lunar active seismic 
experiments can be siimmarlzed as follows. Seismic velocities of 
104, 108, 92, Il4 and 100 m/s were inferred for the lunar regolith 
at the Apollo 12, 14, 15, 16 and 17 landing sites, respectively. 
These data indicate that the process of fragmentation and comffli- 
ution by meteoroid Impacts has produced a layer of remarkably 
uniform seismic properties moonwide. Brecciation and high porosity 
are the probable causes of the very low velocities observed in the 
lunar regolith. - 

Apollo 17 seismic data revealed that the seismic velocity 
increases very rapidly with depth in the near-lunar surface in- 
creasing to 4.7 km/sec at a depth of 1.4 km. These data are not 
compatible with the idea that a cold rock powder extends to a 
depth of 1 km or so in the Moon. T The magnitude of this 

velocity change with depth and the inplied steep velocity-depth 
gradient of > 2 km/sec/km are much larger than have been observed 
on laboratory experiments on granular materials. Such a large 
Velocity change is more suggestive of compositional and textural 
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changes and in view of geologic observations is compatible with 
a model of fractured basaltic flows overlying the presumably 
anorthositic breccias that form the lunar highlands. "Thermal" 
moonquakes were also detected at the Apollo 17 site, becoming 
increasingly frequent after surise and reaching a maximum at 
sunset. The source mechanism of these moonquakes remains an enigma 
but landsliding can be the soUrce without a complete degradation 
of all lunar slopes. 


Robert L. Kovach 
Joel S. Watkins 
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A Seismic Refraction System for Lunar Use 

BRUCE D. McAllister, member, ieee, JAMES KERR, JOHN ZIMMER, 
ROBERT L. KOVACH, and JOEL WATKINS 


Abstracl — A miniaturized seismic refraction system has been 
constructed for possible use on early manned lunar landings. The 
detection system consists of three geophones, a three-channel 
amplifier, a geophone calibrator, and a logarithmic compressor sys- 
tem. A grenade launching device and an astronaut-held thumper 
staff are used as the sources of seismic energy. Seismic energy from 
the explosive sources is detected, amplified, logarithmically com- 
pressed, converted to digital form, and formatted for real-time trans- 
mission to earth. Total weight of the seismic detection system and 
ancillary electronics, exclusive of the explosive sources, is 6.2S lb. 

Introduction 

A SEISMIC refraction system has been developed 
for possible use on manned lunar landings. This 
system, called the Active Seismic Experiment 
(ASE), is part of the Apollo Lunar Surface Experiments 
Package (ALSEP) planned to be deployed by astro- 
nauts during their exploration of the moon. 

A main objective of a seismic refraction experiment 
on the moon is to determine its near-surface elastic 
properties. The primordial lunar surface may be buried 
to an extent not observable to the astronaut and a 
seismic refraction experiment may provide the only data 
to enable the characteristics of the near surface layers 
of the moon to be properly interpreted [l]. 

During a traverse on the lunar surface one of the 
astronauts will emplace three seismometers at 150 foot 
intervals from the ALSEP. After emplacement of the 
distant detector he will walk back along the line of de- 
tectors inducing seismic energy into the ground with a 
hand-held thumper staff . A launching device, capable of 
launching four explosive grenades to ranges of 500, 1000, 
3000, and 5000 feet is then emplaced near the ALSEP.. 
The grenades are la.unched by command from earth 
after departure of the astronauts. The three miniature 
seismometers and associated electronics comprise the 
lunar seismic detection system. 

Ranging of the grenades is. accomplished by measur- 
ing the patahieters of an assumed ideal ballistic trajec- 
tory. The launching device contains electronics to mea- 
sure the time of flight, angle onaunch and initial veloc- 
ity of the grenades. The range is calculated to within 

Manuscript received October 24-, 1968; revised December 16 
1968. This work was supported by NAS.^ Under Contract NAS 
9-5632. Fabrication of flight hardware was supported by the Bendix 
Aerospace Systems Division under Contract NAS 9-5829. Evalua- 
tion of this system for post-Apollo use i.s supported under NAS.\ 
GrantNGL 05-020-232. . 

B. D. .Mc.^Ilister and R. L. Kovach are with the Department of 
Geophy'sics, Stanford University. Stanford, Calif, 94305. 

J. Kerr is with Geotech, aTeledyne Company, Garland, Tex. ■ 

J. Zimmer is With Bendix Aerospace Systems Division, Ann 
Arbor, Mich, 

J. W'atkins is with the Department of Geology, University of 
North Caroliiui, Chapel Hill, N. C. 


+ 5 percent and time of detonation is known to within 
+ 0.1 ms. 

Seismic energy from the explosive sources is detected, 
amplified, logarithmically compressed, converted to digi- 
tal form, and formatted for real-time transmission to 
earth. This paper describes the seismic refraction system 
which has been developed for use on the moon. 

System Description 

Geophones 

The miniature seismometers, or geophones, developed 
for lunar use are of the moving coil-magnet type. The 
coil is the inertial mass suspended by springs in the 
magnetic field, Above the resonant frequency of such a 
device the output is proportional to ground velocity; 
below the resonant or natural frequency the output 
drops off at 12 dB per octave. 

Existing commercial geophone designs v/ere not suit- 
able for lunar use. First, spring parameters needed to 
be changed to be compatible with lunar gravity. 
Second, it was apparent that significant increases- in 
sensitivity could be achieved while still reducing weight 
and size by use of better magnet materials and more 
efficient coil windings. Other considerations such as 
various methods by which the astronaut could implant 
the device and the need to protect the springs from the 
vibration and shock levels encountered in testing and 
transit also suggested a uew design. A significant in- 
crease in available signal power with some savings in 
size and weight were realized while satisfying the other 
design objectives including matching the coil resistance 
to the optimum amplifier source impedance. 

The design goal for the overall system response was 
that it be flat to ground velocity down to 3 Hz. For 
geophones of small size and weight the minimum reso- 
nant frequency for reliable operation can be expected 
to lie somewhat higher than 3 Hz, .particulcirly with the 
springs used for operation at lunar gravity. Preempha- 
sis in the succeeding electronics was used to give the 
desired response at frequencies below geophone reso- 
nance. 

For a state-of-the-art junction transistor in an ap- 
propriate configuration, the power spectral density' of 
the equivalent input noise is very nearly constant down 
to about 20 Hz. Below tliis frequency it increases with 
a slope of l.y. Thus preemphasis at frequeucies lower 
than resoua lice amplifies the 1// noise decreasing the 
signal-to-iioise ratio for. signals at higher frequencies. 
This effect is a strong Incentive to make the geophone’s 
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■ig. 2. Cntauay view of a geophone in its outer case. This is the 
geophonc which iiuluties the temperature sensor. 


natural frctiiKMicy llu' Inwesl possilile consistfiit witli 
small si/.f ami weight ami ,nlf(|iiatu inet hanical niggeil- 
ne.ss. These eonstrainls led to a elaiiee of 7.5 Hz for the 
Umar geophone's natural fretpieiuA. 

The optimum source impedame for low noise opera- 
tion of a jum tittn transistor .implilier is about 2000 ttt 
5000 ohms. It can be increa.sed or tleereased by effec- 
tively connecting several transistors in parallel or series 
at the input. .\n amplifier with .i differential input was 
used and the source resist.ince was determined to be at 
a broad optimum at about 6000 ohms. 

T'ig. 1 shows three geophones in v.irious st.iges of 
assendily. In the foreground the internal assembly of a 
geophone is dis.issembled into its thri-e major compo- 
nents; the two halves of the magnet cup and the coil 
with springs attache«l. li.ich half of the magnet cup is 
identical and includes magnetic ()ole pieces and pole 
caps as shown. T'abric.ited of .\1,M( they are 

chargeil so that the fields in each half oppose each other, 
making a closed flux path for eai h half of the cup. The 
average flux in the gap for each half ranges from 10 000 
to 20 00(r maxwells. The unit on the right shows the 
magnet cup assembled ; the one in the background shows 
the completed geophone in its external ca.se with mass 
lock button on the top. 

The coil is wet wound using .Shell KI’O.N K2S on a 
mandrel between <*ml pieces also cast from ICPON X28, 
with nickel silver threaded inserts encapsulated in 
them. 15 600 turns of no. 45 type .Ml, cojiper magnet 
wire are used. The screws that secure the springs to the 
roil, and tlu sjirings themselves, serve as conductors 
from the coil. 

Fig. 2 is a I'Utaway view of the .issembled geojihone. 
The position of the coil in the magnetic Hax p. th is 
shown. 'I'he internal assembh' is supported within the 
outer case by parts machined f,om KI’()\-S28 for 
thermal and mechaiiic.il st.ibilit>'. When the mass lock 
button at the to|i of the c.ise is held in the deiiressed 



Fig. 3. Relative response curves for the lunar geophone with a con- 
stant velocity input and damping 111 percent and 105 percent of 
critical. 


position, three nickel-silver fingers extending inside the 
inner case assembly (the magnet cup) hold the coil 
firmly against the Ittwer stops. This m.iss lock insures 
that the unit can survive the shock anil vibr.ition en- 
countered in environmental testing and transit to the 
moon. The spring loaded mass ItM'k buttons are relea.seil 
automatically when the geophones are removed from 
a carrying fixture anti tleplined by the astionauts. 

The sensitivity and freipiency resfwmse characteris- 
tics of the resulting geophone are excellent. T'ig. 5 shows 
typical tlani{>ed anti und. imped geophone resjTotise to .i 
constant velocity input. .\n open circuit generator 
constant of about 255 \', (m, s) was achieved using a 
coil resistance of 6200 ohms. Open circuit damping is 
about 5 percent of critic.il. For comji.it ison, a stanil.ird 
4.5 ilz IlS-1 Hall-Sears geojihone has .i generator con- 
stant of about 24 \’/(m s) with a coil resistance of 215 
ohms and ojien circuit tlamjiing of about 25 ju-rcent of 
critical, .‘\djusting for the tliffering coil resistances .ind 
ignoring differences in ojien circuit danijiing, the avail- 
able signal power from the lunar geojihone is about 
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thrw linifs nr<MttT than lh.it fntni tin- roinnicrci.tl 
>;ii)|)h<)iu-. Tin* inat'iictic nip assftnhK ol thf roniim-r- 
t'ial unit inoasurfs 1.S8 inrhes liit;h 1)\ l.(>2 inclu-s in 
(lianiftiT. Wei^lit is .ilmiit *>.5 n/. Kipiivah-nt s|M-ci(ic.i- 
tions for tlie lunar uropliom* an* 1 .U')5 itu hcs ili.inu-ter, 
1.2.S iiu'lies liiul'i uiiil 4.16 o/. Coinplrte with oulur case 
thf unit wfi^hs 6.25 o/. 

Tfstinn of thf lun.ir moilfl {.(fophonfs on f.irili prfs- 
fiits a prolilfin as tlif iiu-rti.il mass rfsts on thf lowfr 
stops in tlif f.irtli’s nr.ivit.ition.il lifhf. .\ ilf\iif w.is 
dfVflopfil whicli iniroihufil a dr nirrfiit into thf yfo- 
phoiif's roil just l.irnr fiiounh to ollsft .iliout 5 6 o, thf 
wfi^ht of thf iiifrli.d in.iss at f.irth nfUN il> . I his ' .duf 
of rurrfiit rould l>f r.di ul.ilfil arrur.itflv lor i-.u li h*‘o- 
phouf from its nuMsurfd ronstant .in.l was 

nomin.ilK It. 74 m.\. Ilinli volt.iHf luttfrii-s .mii .i l.ir^f 
dioppiiiH rfsist.iiiff wfrf usrd to olii.iin .t ipiift current 
sourcf. L.irnf c.iparitors inscrlfd in the .im pi i tier iniml 
liliH kfd .in\ dr rurrent from the .tmplilifr. 

:\ second concern w.is verif\ inn the lini-.irity of tlu- 
Hfophoiif .11 the \ rr\ low sinn.d .imjilitudes expected. 
I'he s\stem seiisitivilv is such .is to cle.irK dis- 

cernihlf sinnals to Hround motion ol 1 iiim /ero-to-pe.ik 
at 10 II/. TfslinH to these le\e!s, below norm.il back- 
Hrounil seismic noise levels on i.irth, reipiired use of .i 
quiet site and .in isol.ition dri\e s\stem to excite the 
Hfophones. 

Low-le\el tests were accomplished in a 50-loot deep 
c.iseil hole at the < .eotech. ( iarl.ind. Tex., f.icilitv. The 
oper.itiiiH mechanism from .i johiison M.ithi'son \i-rti- 
cal seismometer was used as the isol.ition ilrive unit. 
'I'his unit has a natiir.il frequencv of 0..8 II/. .\ sinn.d 
Hftier.itor w.is the driviiiH source .ind siHu;’l lexels re- 
ipiired for .1 niveii displ.icement were cali ul.ited iisiuH 
the l.irne seismometer’s c.ilibr.iti'd H^’iter.itor constant. 
The three Hcophones were mounted directh’ on the 18- 
kj; mass of the JM seismometer .mil hm.ir Hf.i' itv w.is 
simida'ed tisitiH the quiet current source described pre- 
viously. Ify testiiiH ver\ kite at ninht H<>od d.ita was 
obtained down to displ.icements ol I m/i peak-to-pe,ik 
at 10 II/. There were no measur.ible devi.itions from 
linearity at these low amplitudes. 

I luritiH the rather leunthy stor.iHe time of the s\ stem 
on the moon (up to one ye.ir), the possibilitv' exists th.it 
some H‘‘Ophone par.imeters iniHht drift. A calibr.itor 
system is included in the succeediitH electronics for 
testiiiH for this drift. DuriitH m.inufacture. all the 
pertinent p.irameters. ii.itur.il frequency, 

open circuit d.impiiiH. uitd H‘*tier.itor constant are c.d- 
ibrated for each unit. The calibr.itor h.is demonstr.ited 
the cap.ibility of me.isiiriitH these p.ir.imeters to within 
10 percent of the v.ihicr. determined bv low-level .iml 
other tests in the laborator\'. 

The Heophone c.ible assembly is constructed of four 
twisteil p.iir, shielded, polyimide instil. ited cables. I'hree 
pairs connect each Hcophone to its respective amplifier 
input and the fourth connects a temper.iture sensor in 
the niMr Heo|ihone to the proper d.ita circuitry. The 
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three Hcoplioiies . 11 1 - -p,ii ed .it 1511 leet iiilerv.ils on the 
c.ible .iiitoiii.ilii ,ilh pro', idin.; the proper se|i.ir.ition 
iluritiH deplov meiit b\ the .l■•lto||.|||l. Hl.uk .mil white 
markers on the c.ible .ire used to indii .ite the thumper 
liriitH points. 1 i^. 4 -.how s how the Heophoiies suspended 
bv the c.ible .ire impl.mted by the .istron.iiit. kite astro- 
naut raises the Hfophone to .i veitic.d position with his 
toe and then lori es the spike into the bm.ir surl.ice. 

Amplifii'r , i'nhhrator . iind /,(»" I'omprr^yor 

.A three-ch.mnel .miplilier condilioiis ll.e Heophone 
sintt.ds jirior to their convetsion into .i iliHil.d lorm.it. 
•Since a seismic thumper device will be used lor short 
rattle shots (ol the order ol leet-. seismic sinn.ds con- 
t.iiniiiH enern' .it liequeiicies ol 1 (HI 11/ .mil hinher can 
be Heiier.ited. .\ svstem time resolution ol 2:1 ms w.is 
selecti'd. I'liis dii t.ites .i minimum s.implinH Irequency of 
50(1 11/ which, ill I urn, specifies the Idler res|)onse ,it 
ItiHh Ireqitencies necess.irv to miiiimi/e d.it.i i ont.imin.i- 
tion from sideb.md loldiiiH. Ilie low sii;n,il-to-noise 
r.itio expected Irom the dist.mt Hf'n''de explosions ,md 
the kick ol .1 priori knowledge .is to the ch.ir.u ter of the 
expci ieii w .IV I'torms m.ike it desir.ible to w iden the fre- 
quencv response .is mui h .i> possible w it Inn this con- 
str.iint. Fii;. 5 shows the over.ill Ireipieiicv response for 
the hin.tr .ictive seismic detection svstem. 

Ikich .miplilier consists of .i dillerenli.il input ilc pre- 
amplifier. esseiili.illv ,i live si. me dilTi-reliti.il .I'liplilier, 
tonelher w ith .issoci.iled c.ilibr.itor circiiitrv .it the input 
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Fig. S. The overall frequency respond of the system. Both nominal 
tijui I . response and specified limits are shown. 



Fig. 6. The geophone preamplifier and calibrator circuits for a typical channel. 


of the preamplifier and an active filter section. The pur- tive stages utilizing field-effect transistors in a source 
pose of the calibrator circuitry is to provide a means of follower configuration together with an operational am- 
checking for any changes in the parameters of the geo- plifier output stage. The first stage supplies the low- 
phones during lunar operation. frequency preemphasis required to compensate for 

Fig. 6 is a schematic drawing of the geophone pre- the low-frequency roll off of the geophone's response, 
amplifier and calibrator circuits. The values for the : The last four stages form a low pass filter with a roll off 
resistances R201 and R202 are selected to yield 115 of 48 dB per octave above 250 Hz. The capacitively 
percent of critical damping of the geophone. A 2.25- coupled Operational amplifier supplies more than 
volt dc calibration pulse applies a current pulse to the enough gain to offset insertion loss due to the previous 
geophones through resistance R102. Because of the stages and also adds an additional roll off of about 6 dB 
changed circuit configuration, specifically insertion of per octave above 300 Hz. 

series capacitors ClOl and C102, the impedance seen The widedynamicrangeofsignalsexpected,theover- 
by the geophone is increased to essentially the 30I-kf2 all timing resolution desired, and telemetry bit rate 
value of R102 and the geophone is now underdamped, constraints made some form of data compression before 
The resultant ringing frequency and rate of decay are telemetering to earth desirable, For example, the 
the means used to measure the natural frequency and dynamic range of the linear system is nominally 80 dB. 
generator constant of the geophones on the moon. The maximum bit rate available to the ASE was 10,6 

Fig. 7 is a schematic of tire filter section of the active Kbit-S. With a minimum sampling frequency of 500 Hz^ 
seismic detection system. This section consists of 5 ac- u niform sampling in time, and three channels of seismac 
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Fig, 8. The logarithmic compressor circuit for a single channel. 


data required, a maximum of only 5 bits per geophone 
data subword are available. In a linear digitization sys- 
tem this would have led to unacceptably poor resolution 
at the very low signal levels expected from the distant 
grenade shots. Since signal levels were expected to be 
distributed throughout the system’s dynamic range, 
the most desirable compression scheme was one that 
gave signal resolution as some constant fraction of signal 
amplitude, This is the principle characteristic of log- 
arithmic compression and thus this form of data com- 
pression Was chosen. 

The logarithmic compressor circuitis shown in Fig. 8. 
The logarithmic relationship of voltage and current in 
the base emitter diodes of Q401 and Q402 are used to 
generate this function. One diode is used for each signal 
polarity. Since this logarithmic relationship is a sensi- 


tive function of temperature these diodes are maintained 
at a constant temperature of 105°C by an oven over 
the electronic environmental temperature range of —20 
to -|-85°C. 

We can express the logarithmic transfer function for 
the compressor and amplifier system as 

Fout = In Fi„ -f isTa; F;, > 0. (1) 

The constant isfi determines the slope of the log transfer 
function whereas is specified by the dc offset of the 
compressor output and the system noise level. Nominal 
values of these constants for input signals of each polar- 
ity are 

Fout = 0.2687 In |F:„+1 + 4.1473; Vu > 0 

Tout = - 0.2687 In iFi„- j -f- 0.2Q27; Fi„ < 0. 
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Fig. 9. Tracings of seismograms from a thumper shot at 20 feet for 
the lunar geophone compared with a commercial geophone. Note 
differences in sensitivity. Bottom trace accurately depicts the 
actual output from the logarithmic compre.ssor. 

For actual flight hardware the values of these constants 
are calibrated for each channel. Log compression ac- 
curacy is specified at + 10 percent referred to the linear 
input of the system. However, the accuracies typically 
achieved have been ±3 to 5 percent. 

The linear portion of the system has a minimum dy- 
namic range of 80 dB. The constants in the log transfer 
function are chosen such that an input dynamic range 
of 80 dB is compressed to a maximum voltage of 5.0 
volts peak-to-peak centered at the output about a zero 
reference voltage of 2.42 volts. These constants also 
adjust the sj^stem noise level so that the first quantiza- 
tion level in the succeeding analog-to-digital converter 
is down in the noise, nominally at the rms noise level. 
Fig, 9 gives a typical seismogram as recorded at the 
output of the linear portion of the system and the out- 
put of the log compressor. 

The principal effect of log compression of data on 
resolution can be most easily evidenced by' substituting 
in the log transfer function, Fi„= Fi,v + AT'''in and 
Fout= Fout+AFouf AT^in and AFout are the equivalent 
incremental changes in voltage at the compressor input 
and output, respectively. An expression for Al-Vut as a 
function of Fin and AFi„ can easily be derived: 


Fig. 10, Tracing of actual ultraviolet recording showing response 
of the system to the c,.;brafe pulse as seen at the output of the 
logarithmic compressor. 


quirement is that use of the calibrator permit measuring 
the geophone’s natural frequency, generator constant, 
and damping factor to an accuracy of 10 percent, rela- 
tive to the calibrated values. 

Fig, 10 is a recording of the analog waveform at the 
output of the log compressor resulting from operation 
of the calibrator. Several characteristics of this process 
are pertinent, First, the nature of the log transfer func- 
tion is such that the sy’stem noise appears greatly am- 
plified making determination of an ac zero reference line 
from the recording difficult. Second, use of the calibrator 
itself introduces a small dc step in voltage due to bias 
changes and upon which the ac ring down of the geo- 
phone is superimposed. Last, the nature of the iog trans- 
fer function is such that the exponential decay of the 
ring down becomes linear at the log compressor output; 
because of the dc shift tlie successive positive and suc- 
cessive negative peaks Irave different slopes. The tech- 
nique descriiied below circumvents these problems. We 
can write 


G = 280/o6( V/(m/s) 


VI 


/o = — V(1 - 6r) Hz 

Im 


F„ 


F 


= exp I 2ir?M 




VI 


-i,V 


(3) 

( 4 ) 


(5) 


One can see that log compression of data in a digital 
system yields signal resolution to some constant fraction 
of signal amplitude over tlie system's dymamic range, as 
opposed to some fraction of the full scale value in a 
linear sy^stem. For this sy'stem, where 5 bits including 
the sign bit are available, the fractional amplitude reso- 
lution is + 2.67 dB, or -|-36 percent and —27 percent of 
signal amplitude. 

Calibratioxi of each log compressor is accomplished as 
a part of flight acceptance tests and separate functions 
are derived for positive and negative signals. The tech- 
niques used are straightforward. Testing of the calibra- 
tor’s operation is somewhat less straightforward since 
the data are only seen after log compression. A key' re- 


where 

5( = resonant system damping factor, exp-ressed as 
a fraction of the critical damping value, 

/o — geophone undamped natural frequency'^ in Hz, 
G=geophone generator constant relating output 

voltage to ground velocity in AV(m/s) I 

w = a positive even integer, 

T w— a -positive integer, 

!,„ = the period of m/2 cycles of the system response 
to the calibrate pulse, 

F„ = zero-to-peak value of the 7;.th half cy'cle of the 
uncompressed system response to the cali- 
brate pulse, and 

lT+m=zero-to-peak value of the M-fmth half cycle of 
the uncompressed sy'^stem response to the 
calibrate pulse. 

Equation (5) relates successive peaks in a damped 
linear resonant sy'stem to the damping factor. Recalling 
front (1) that 

£,.=A'i In (FJ-kAi 
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where 

£„ = zero to peak value of the ?jtli 
half cycle of the compressed sys- 
tem response to the calibrate 
pulse 

we can define 

-Sn+fn 

■where 

AEm = the difference in zero-to-peak 
values of m successive half cycles 
of the compressed system re- 
sponse to the calibrate pulse. 

We can then solve for an expression relating the 
damping constant ht to the amplitude decrement of 
succeeding peaks in the system response at the log 
compressor’s output 


bt = 




VAE„."- -k (2 tw/C,)2 


( 7 ) 


Furthermore, the difference in the slopes of the nega- 
tive and positive peaks can be compensated for by 
averaging the two slopes: 


AE„ == (AE„ 


+ AE„ )/2. 

+ 


( 8 ) 


Equations (8), (7), (4), and (3) are used to calculate 
the geophone parameters bt,f oi and G from the analog 
data recorded at the log compressor output. A 10 per- 
cent accuracy relative to the more precise laboratory 
calibrations is easily attainable. 

Digital Forlions of the System 

A 16-channel commutator, an 8-bit analog-to-digital 
converter, and logic circuitry associated with data for- 
matting and command functions comprise the bulk of 
the remaining ASE electronics. Fig. 11 is a block dia- 
gram of this portion of the system. 

The 16-channel commutator switches analog voltages 
from the three seismic data channels and 13 channels of 
engineering and housekeeping data to the eight bit 
converter. For the seismic data only the five most sig- 
nificant bits are used. Engineering data formatted in- 
clude the mortar box attitude (2 axes), temperatures in 
the mortar box and electronics package, and calibration 
voltage levels for the geophones and tlie converter. 
Since operation of the ASE uses all the telemetry capac- 
ity, five channels are provided for housekeeping data 
from the rest of ALSEP. 

The general outline of the data format used is shown 
in Fig. 12. A data frame consists of thirty-two 20-bit 
words, each of which is normally broken down into 
four S-bit subwords. Subwords 2-4 in each word are 
usually the 3 seismic data subwords, while the first sub- 
word is used for engineering data, Engineering data is 
quantified in 8 bits, and each parameter is transmitted 


ALSEP^LOCK 
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TTr mt 

COMMANDS 
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Fig. 11. Block diagram of the active seismic experiment. 
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Fig. 12. The active seismic experiment data format. 


in two parts. An exception to the above is the 10 bits 
of sjmchronization required in each data frame, trans- 
mitted in bits 1-10 of the first, or control, word of each 
frame. The 5 bits of geophone data so displaced are de- 
layed and transmitted in the first subword of the follow- 
ing word. 

It is crucial tltat the time of occurrence of certain 
events he transmitted with greater resolution than that 
normally afforded by the system. These evente are 
those associated with launch and impact of the grenades 
and the firing of the thumper staff. A real-time event 
(RTE) feature of the telemetry format provides the 
capability of time resolution to +0.1 ms. This feature 
uses the first subword in words 29-51 in each data frame. 
If a RTE has occurred in the previous data frame ci dis- 
tinctive code 00100 appears in this subword. The sub- 
words in words 30 and 31 give the time within the pre- 
vious frame that the RTE occurred to the nearest 
0.1 ms. 

A command systenr provides for nine commands 
associated with the ASE, Two commands turn the ASE 
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TABLE r 

TypiC,\L ASE PliRFOUMANCE FIGURES 

SeiisUivity: 21.0 cIB rms s!gnal-to-rnis noise ratio for a displacement 
of 1 m/j 0 to peak at 10 Hz. (Amplifier input noise voltage for 
a 6-kn source is 0.72 /iV rms). 

Dynamic Ranee: 74 dB for the linear system. All channels are within 
6dB. 

Loganthmic Compression Accuracy: M’orst case referred to the com- 
pressor input is +4 percent. 

Quantizer Resolulion: Engineering data.-^ ±0.20 percent of full scale. 
Seismic data — 1-36 and —27 percent of signal amplitude, 

Qtianlizer Accuracy: Peak rms error through the .Y/D converter and 
the multiplexer is better than: engineering data— ±0.33 percent of 
full scale; seismic data — 1-6.0 and —5,6 percent of signal amplitude. 

Calibrator Accuracy: ±10 percent of laboratory calibration values. 

Crosstalk: Less than 70 dB at 100 Hz. 

Common Mode Rejection:— SQ dB 


on and off and place the ALSEP data processor in the 
high bit rate (10.6 kbit-s) mode. Five commands are 
associated tvith firing grenades; four commands are 
used to fire each grenade individually, and one is an 
alternative automatic sequential command. One com- 
mand arms the grenade rocket motors and firing circuits 
in each grenade. It must be activated prior to a “FIRE” 
command. Finally, one command initiates the 1-second 
geophone calibrate pulse. 

When the ASE experiment is turned on the full out- 
put, format with RTE capability is operational even if 
the “ARM” and “FIRE” commands are not activated. 
Itis in this mode that the. thumper staff is operated. This 
also provides a passive listening capabilitj* by which the 
experiment can periodically monitor the lunar seismic 
background noise. 

When the ASE experiment is turned off, certain en- 
gineering parameters are made available through the 
ALSEP telemetry format for monitoring the experi- 
ment's condition and its environment. These data are 
the temperature of the near geophone, the mortar box. 


TABLE II 

.ASE Phvsicai. Di.me.vsioxs a.n'd Power Requireme.vts 


1 tern 


Dimensions 


Weight 


Geophone 


Cables 

Amplifier, calibrator, 
filter, and compressor 
package 

Electronics package 
(includes amplifier, 
etc., above) 

Mortar box (includes 
grenades) 

Thumper 


Length 1.04inches 
Diameter 1 .54 inches 
Overall length in- 
cluding spike 4.81 
Length 16.5 ft, 166.5 
ft., and 316.5 ft 
Length 5.25 inches 12.0 oz 
Width 3.06 inches 
Height LOO inch 
Length 6,77 inches 3,07 Ib 
Width 6.18 inches 
Height 2.75 inches 
Length 15.6 inches 14.96 lb 
Width 6.2 inche.s 
Height 9.5 inches 
Length (folded) 14.5 4,011b 

Inches 

Length (deplo 3 'ed) 

44.5 inches 

TOTAL 25.22 lb 


Power Requirements 

Operational 8.0 watts 

Thermal control (standby) 1.75 watts 


6.25 oz max. each 
without temp, sensor 
6.40 oz max. with 
temp, sensor 
2,0 lb 


and the electronics package. Alonitorlng these data are 
helpful for selecting the appropriate time during lunar 
twilight to activate the grenade launching phase of the 
experiment. A time will be chosen such that the declin- 
ing surface temperatures have cooled the geopliones and 
cables thus minimising noise from these sources. The 
mortar box and electronics, with their longer thermal 
time constants, will also be well within their optimum 
operating temperature range. 

A summary of the performance specifications, physi- 
cal dimensions, and power requirements, of the lunar 
seismic refraction system are given in Tables T and II. 
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Abstract 

An engineering seismic system is planned for one of the Apollo manned 
landings on the surface of the moon. The system is expected to provide 
data regarding elastic and inelastic parameters to depths of 75 feet. 

Supporting research conducted on earth indicates that the seismic data 
can be interpreted in terms of porosi ty and extent of fracturi ng and layering 
in the lunar soil and substrate. Results of the supporting research have 
been applied to terrestrial groundwater investigations and cavity detection. 


engineering seismic experiment is now planned for the fourth 
manned lunar landing in the National Aeronautics and Space Ad- 
ministration’s Apollo series of lunar missions. The experiment is 
designed to (1) determine the depth of the fragmental layer which 
appears to cover much of the lunar surface, (2) investigate the struc- 
ture of the fragmental layer (is it layered? is it laterally homogene- 
ous?), (3) determine the porosity of the fragmental and subjacent 
layer and (4) estimate the extent of fracturing in the subjacent rock. 
Similar experiments conducted during following missions may be use- 
ful for locating and delineating near-surface cavities but this capa- 
bility will not be intentionally used during the initial experiment. 
Data from the initial experiment will contribute to studies of bearing 
strength, traffic ability and excavatability required for follow-on 
missions. 

This paper describes the system designed to accomplish these ob- 
jectives and reviews results of research conducted in support of the 
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experiment. Differences between this instrumentation and instru- 
mentation designed to accomplish the same objectives on earth are 
reviewed. Some of the new instrumentation, the authors believe, 
merits consideration for use on earth. A substantial body of research 
has been accomplished in support of the experiment. Results of some 
of this research have already been applied to terrestrial problems. 
Other results suggest methods which may be eventually refined to the 
point that they are sufficiently precise and indicative to be used as 
terrestrial tools. 


The System 

The Apollo Lunar Surface Experiments Packages (ALSEP) include 
three seismic systems. One system is analogous to a conventional 
station seismograph in that it continuously records low frequency 
seismic signals generated by moonquakes and by medium to large 
meteorite impacts. A second unit is analogous to a seismic refraction 
system with a spread length of approximately one mile. This system 
records seismic waves generated by explosives. Data from this system 
provide information about the structure of the lunar near-surface to 
maximum depths of 1,000-2,000 feet. The system is capable of pro- 
cessing reflections, although our knowledge of lunar structure sug- 
gests that reflections are unlikely. The third system is the engineering 
seismic system capable of investigating the structure of the lunar near- 
surface in some detail to a depth of about 75 feet. 

These systems, along with other ALSEP scientific experiments, 
share common power and data transmission modules. In addition, 
the long-range refraction system and the engineering seismic systems 
use common geophones, amplifiers and data compression devices but 
have different command networks and seismic- sources. The two sys- 
tems are designed to operate as an integral unit and are collectively 
designated as the ALSEP Active Seismic Experiment (ASE). Kovach 
(1967) describes overall objectives and operation of the ASE and 
McAllister et al. (1969) describes the instrumentation of the ASE. 

Once on the moon the astronauts will deploy the engineering seis- 
mic system as shown in Figure 1. The “Thumper” serves as a holder 
for the geophones, geophone cable, and Thumper cable during flight 
when it is folded into a compact unit approximately 13x8x7 inches. 
Upon landing, the Thumper is unfolded and functions as a reel from. 
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which gepphones and cables are deployed. After deployment of 
cables and geophones, the astronaut returns along the geophone line 
and sequentially fires 21 Apollo Standard Initiators (ASI’s) located 
in the base of the Thumper to provide the seismic energy. The ASI’s 
are similar to squibs and small pressure cartridges. ASFs are found 
throughout the spacecraft where they are used to separate modular 
components, help sever umbilical cords, etc. Each ASI contains about 
100 milligrams of explosive and generates seismic energy slightly less 
than the seismic energy output of a blasting cap, ASFs fire directly 
into a coupling plate which distributes the seismic energy over a 



FIGURE 1. Sketch of the active seismic experiment deployed in the 
engineering seismic mode 


wider area than that of the ASI alone. The Thumper, cables, and geo- 
phones weigh 7.1 lb.; the electronics weigh 3.1 lb. 

The astronaut selects an ASI by turning the selector on top of the 
Thumper. He then charges the capacitor for about 5 seconds by turn- 
ing the fire control knob a quarter turn. Pushing in on the fire control 
knob discharges the capacitor into the selected ASI. 

The radioisotope thermoelectric generator (RTG) provides the cur- 
rent to charge the capacitor as well as power to operate telemetry and 
command systems. The current is conducted to the Thumper through 
the cable connecting the Thumper to the Central Station Electronics 
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(CSE). This cable also transmits a signal to the CSE at the instant the 
ASI fires. This signal is generated by a pressure transducer located in 
the Thumper base and actuated by the pressure of the exploding gases 
filling the volume between the ASI mounting and the coupling plate. 

The seismic energy generated by the ASI travels through the 
ground and is picked up by three geophones deployed along a 300- 
foot line. The geophones are similar to terrestrial geophones except 
for a weaker spring used to compensate for lower lunar gravity. 

The seismic signals are transmitted to the CSE for processing and 
transmission to the telemetry antenna. In the CSE the signals are 
amplified, logarithmically compressed, digitized, and multiplexed for 
the telemetering to earth. 

The engineering seismic system data stream requires a telemetry 
bit rate mode of 10,600 bps activated only during the Thumper opera- 
tion. The 10.6 kbps data are transmitted to earth in real time. A por- 
tion of the data is demultiplexed immediately upon receipt on eartb 
in order to verify proper functioning of the system. Complete de- 
multiplexing and exponentiation occurs a few days after the lunar 
operation, when the data tapes are received at the University of 
North Carolina. 

Logarithmic Data Compression 

Engineering objectives of the experiment are the detennination of 
thickness, structure, porosity, and extent of fracturing of the frag- 
mental layer. Standard seismic refraction analysis will tell us what 
the thickness of the fragmental layer is, something about the structure 
of the fragmental layer and provide us with an estimate of the poros- 
ity of the fragmental layer. Attenuation of seismic energy tells us 
about the extent of fracturing (essentially, the more fracturing in a 
rock, the more seismic energy the rock will “ soak up”). Surface wave 
dispersion analysis will confirm the structure deduced from refraction 
analysis. Surface wave analysis has the further advantage that surface 
wave characteristics are sensitive to elastic properties of the rock or 
soil to which refraction data are insensitive. Specifically, ice-filled 
pores, low velocity layers and cavities are often identifiable from sur- 
face wave analysis but are seldom identifiable from refraction 
analysis. 

Analysis of refraction data, attenuation of seismic energy, and sur- 
face wave dispersion requires a considerable quantity of data— such 
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a quantity, in fact, that multiple recordings at different amplification 
levels are required using most terrestrial seismic instruments. In 
addition, several trial explosions are usually required on earth to 
determine initial amplitude settings. Trials and multiple recordings 
are not feasible on the surface of the moon; therefore, lunar instru- 
mentation must accurately record arrival times and waveforms of 
waves with a wide range of amplitudes. The problem is further com^ 
plicated by lunar data transmission limitations. If lunar telemetry 
could transmit 100,000 bps, there would be no serious problem, but 
lunar telemetry has a maximum transmission rate of 10,600 bps. 

To overcome this problem, we transmit the logarithm of the ampli- 
tude rather than transmitting the actual amplitude. The data are then 
exponentiated by computer and original amplitudes are plotted on a 
Calcomp plotter. One difficulty remains. The effective amplitude- 
resolution of the plotting techniques we use is about one part in 10^ 
Since the lunar data have a maximum amplitude resolution of almost 
one part in 10^, multiple computer plots will probably be required to 
analyze the data! The reader is referred to McAllister et al. (1969) for 
details of logarithmic compression and data transmission. 


Energy Coupling 

The second major change in design relative to terrestrial instru- 
mentation was in the energy coupling mechanism. A series of experi- 
ments conducted at atmospheric pressure showed that seismic 
energy, generated by detonation of small explosives mounted in 
1.25-in. diameter cylinders closed at one end and in contact with the 
ground at the open end, was optimal in tubes attached to inverted 
cones which distributed the gas pressure over the ground surface 
(Watkins and Whitcomb, 1968). When the experim.ents were re- 
peated at low ambient pressures, the seismic pressure pulse at the 
mouth of the tube decreased with decreasing ambient pressure (Fig. 
2), Further experimentation at low pressures (Fig. 3) showed that the 
efficiency of energy transfer varied as the distance from the pyro- 
technic to the body in which the seismic energy was to be induced. 
Maximum efficiency occurred wdien the pyrotechnic was fired directly 
into the body with no intervening space (Watkins and Whitcomb, 
1968). 

. When the design of the Thumper was modified so that the ASI’s 
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fired directly into a base plate or coupling plate, it was found that 
small fragments of burning pyrotechnic and the metal end plate 
enclosure of the ASI were ejected laterally from the Thumper base, 
some with energies sufficient to damage the astronaut suit material. 
The final design incorporates a skirt fitted over the upturned edge of 
the coupling plate to prevent ejection of these fragments. 



FIGURE 2. Peak pressure observed at firing device aperture 
as a function of ambient pressure 
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FIGURE 3. Ratio of peak pressures observed at firing 
device aperture in vacuum and at one atmosphere as 
a function of ASI-aperture distance 


Supporting Research 


Supporting research has been most successful in (1) relating in 
situ compressional wave velocities and porosities, (2) relating head- 
wave attenuation and degree of fracturing, (3) cavity detection, and 
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(4) shear wave detection. Results of these investigations are briefly 
reviewed in the remainder of this report. 

Compressional wave velocities in dry porous rocks. In situ compres- 
sional wave velocities and porosities from nonsaturated rocks of 15 
areas in Arizona, California, and New Mexico will be reported by 
Watkins and Walters (in preparation). Sites were selected to provide 
maximum variation in porosity. Lithologies include granite, sand- 
stone, quartzite, limestone, andesite, basalt, rhyolite, and diatomite. 
Porosities range from 2 to 84 percent. 

Data collected by Watkins and Walters are shown in Figure 4. An 
empirical least squares fit yields 

^ = 0.52 In a- 1.81 (1) 

where ^ is total porosity (expressed in decimal fractions, e.g., 0.1, 0.2,- 
etc.) and a is the compressional wave velocity (km-sec"^). The root- 
mean-square error of the data relative to (1) is 20 percent. Data in 
Figure 4 in and of themselves do not preclude discontinuities or 
characteristics other than a smooth curve in the region 1.0 ;< a<2.0 
km-sec"^. Abundant data from measurements made on saturated 
rocks clearly suggest a smooth curve in this region. Therefore, a 
smooth curve is drawn through the data points. Additional data 
should be collected in the region 1.0<o!<2.0 km-sec“^, however. 
These data permit estimation of porosities in porous lunar rock and 
soil from compressional wave velocity data. 



0.0 !.0 2.0 ^ 3.0 4.0 5.0 

km /sec 

FIGURE 4. In situ measurements of compressional seismic 
wave velocities ot as a function of fractional porosity ^ 

The immediate application of these results has been in ground- 
water exploration (Eaton and Watkins, in press; Watkins and 
Spieker, in press) where determination of rock or soil porosity is a 
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primary objective. Data in Figure 4 together with data from a 
number of other sources were used by the senior author (J.S.W.) to 
obtain an empirical equation relating compressional wave velocity a 
to grain density p, porosity and pressure P (Watkins, in prepara- 
tion), The equation is as follows : 

a = (2.3p + 0.023p[lnP]-0.72-0.1[lnP])P°-‘>®P“' (2) 

Details of the derivation are lengthy and will not be reviewed herein. 

Headwave attenuation. Attenuation of compressional headwaves 
has been discussed by DeBremaecker et al. (1966) and Godson et al. 
(1965). Results of these investigations have not produced a quantita- 
tive relation between attenuation and fracturing as was the case for 
compressional wave velocities and porosities. However, it is possible 
to qualitatively relate the product of two seismic parameters, Q and 
a, to the degree of fracturing in the rock units investigated. 

The parameters, Q and a, were used by DeBremaecker et al. (1966) 
in their formulation of a headwave attenuation function, as: 

A = Nd~^ exp (-7T dQ~^fa~^), (3) 

where A is the amplitude, d the distance, Q the attenuation constant, 
/ the frequency, a the compressional wave velocity, and N a constant, 
is consistent with field observations. 

Godson et al. (1965) examined the variations of Q and Qa as a 
function of a measured in situ in 10 rocks. They found that data from 
individual rock units tended to cluster in relatively well-defined 
groups. The Qa vs. a groupings were closely related to the extent of 
fracturing present in the rock units. In Figure 5, Kana-a lava flow 
second layer, which was shown by drilling to be relatively unfrac- 
tured, had a higher Qa product than rocks of comparable compres- 
sional wave velocities occurring in the Southern Coulee second layer 
and S.P. andesite lava flow, both of which are extensively fractured. 
Figure 5 shows that badly fractured rocks, including cinders and 
blocky lava, have Qa products less than 3.5 x 10“®, moderately frac- 
tured rocks have Qa products between 3.5 x 10“'’ and 9,0 x 10”® and 
unfractured rocks have products greater than 9.0 x 10“® m-sec”’-. 

The (2“-fra^cturing relationship may not be practical on earth 
where drilling and excavation are relatively uncomplicated proce- 
dures but on the surface of the moon, where even 3 m are difficult to 
drill, the seismic data provide the best estimate of the degree of 
fracturing in the rock substrate beneath the lunar soil. 
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FIGURES. Relationship between compressional wave velocities a, 
attenuation parameter and extent of jEi*acturing in selected rock 
types. Qaa units are mps. 


Cavity investigations. Watkins et al. (1967) investigated the seismic 
response of two lava tunnels and one cavity formed by an under- 
ground nuclear explosion. They found that it was possible to gen- 
erate resonant vibrations in the cavities. Fundamental modes of the 
vibrations had frequencies near those predicted by theory. 

The probabihty of the single seismic spread proposed for the 
Apollo program partially overlapping a near-surface lunar cavity is 
very small, but seismic cavity location may be attempted in later 
missions. Cavities, and in particular lava tunnels, can provide shelter 
for astronauts and their equipment during meteor showers but con- 
stitute a hazard to astronauts traversing the lunar surface. 

Godson and Watkins (1968) attempted to locate a cavity in the 
Anchor Reservoir, Wyoming. Resonance was observed in an area 
where a previous gravity survey had identified a gravity minimum. 
An open crack located to one side of the area of the gravity low 
tended to support the inference of a subsurface cavity, but the cavity 
has not been located by drilling. 

Shear wave detection. The detection of shear headwaves has been 
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the object of numerous investigations during the past two decades. 
The need for such a technique is obvious since, given the density, 
shear wave velocity, and compressional wave velocity of a rock or 
other elastic medium, we can immediately calculate the elastic moduli 
of the medium. Compressional wave velocities are relatively easy to 
measure, and it has been previously shown that porosities (and there- 
fore bulk densities) can be deduced from compressional wave velo- 
cities. 

Measurement of shear wave velocities is difficult because shear 
wave velocities are always lower than compressional wave velocities 
and therefore arrive at the same time as the wave train following the 
compressional headwave and subsequent compressional waves. 

It was hoped that a satisfactory shear wave detection technique 
could be developed and incorporated into the engineering seismic 
experiment, but it was not until after the general nature of the engin- 
eering seismic instrumentation was defined that Whitcomb (1966 and 
in press) reported results of his investigations of the shear wave detec- 
tion problem. He found that, for short distances from an ordinary 
explosive source, shear waves could be detected by angular acceler- 
ometers because of the rotational component in shear waves which 
is absent in compressional waves. 

The shear wave detection technique developed by Whitcomb may 
be incorporated into later Apollo missions. Apphcation of the 
technique on earth is limited by the high cost and imperfect response 
of currently available angular accelerometers. 


Summary 

The engineering seismic system is planned as part of the Apollo 
program on the fourth manned landing on the moon. It will provide 
information on the thickness and porosity of the lunar soil and on the 
porosity and extent of fracturing of the underlying rock substrate. 

Instrumentation is similar to that used on earth but with important 
modifications which yield a large dynamic range and improve trans- 
mission of seismic energy from the lunar energy source to the lunar 
soil. 

Supporting research included investigation of the porosity-com- 
pressional wave velocity relationship, cavity detection, and shear 
wave detection. Results of these investigations will be used to inter- 
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pret data returned from the moon and to design future lunar instru- 
mentation. The results of sonie of these investigations have been 
applied to some terrestrial engineering problems and have suggested 
novel solutions to other terrestrial engineering problems. 
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The Active Seismic Experiment 


J. R. McDowell Determining the existence or nonexistence ofe lunar crust, the origins and 

internal structures of the lunar maria and the lunar highlands, and the origin 
of the lunar soil is fundamental to an understanding of the origin and evolu- 
tion of the moon, the earth, and the terrestrial planets. As a step in this 
direction, a seismic refraction system has been developed for use on manned 
lunar landings to provide information concerning the lunar-subsurface 
geologic structure to depths of 75 to 500 feet. The system, known as the 
Active Seismic Experiment (ASEj, is a part of the Apollo Lunar Surface 
Experiments Package (ALSEPj; it has been deployed on Apollo 14 and is 
scheduled for deployment again on Apollo 16. The experiment involves the 
generation and monitoring of artificial seismic waves ranging in frequency 
from 3 to 250 hertz in the lunar surface and near-subsurface. The seismic 
waves are artificially produced by two different explosive devices and are 
detected by miniature seismometers or geophones. The data that result are 


telemetered 

INTRODUCTION 

The scientific objective of the Active Seismic 
Experiment (ASE) is to determine the physical 
properties of lunar near-surface materials. Seismic 
energy is artificially produced by two different 
explosive devices, transmitted througli the lunar sur- 
face materials, and detected by miniature seismom- 
eters (geophones); the resulting wave trains (in the 
3- to 250-hertz range) are telemetered to earth for 
interpretation. The ASE is also used, for short periods 
of lime, to monitor natural lunar seismic waves in the 
same frequency range. Penetration of seismic energy 
to varying depths (down to approximately 500 feet) 
is achieved, and wave velocities througli several layers 
of near-surface materials are investigated, by varying 
the explosion-to-detector distance and the size of the 
explosive charge. The velocities of the compressional 
seismic waves, their frequency spectra, and their 
attenuations are all functions of the physical con- 
stants of the lunar near-surface rocks. Interpretation 
of these data permits rock type and character, as well 
as degree of induration and lunar-material bearing 
strength, to be inferred. 

EXPERIMENT DESCRIPTION 

During a lunar mission on which the Active Seismic 
Experiment is carried, the astronauts deploy aline of 


The basic scientific requirements for the Active Seismic Experiment 
were developed under the direction of Principal Investigator R. L. 
Koyach (Department of Geophysics, Stanford University) and Co- 
Principal Investigator J. Watkins department of Geology, University of 
North Carolina). 


AO 


to earth for study and interpretation. 


geophones at intervals of 10, 160, and 310 feet from 
the ALSEP Central Station. These three geophones 
are used to detect seismic waves induced in the lunar 
subsurface both wliile the astronauts are on the moon 
and after their departure. 

In the first instance, the astronaut walks back 
along the deployed geophone Une, using a “thump- 
ing” device to induce seismic energy into the lunar 
soil. The thumper contains 21 Apollo standard initia- 
tors (ASFs), which are fired by the astronaut at 
15-foot intervals marked along the 300 feet of geo- 
phone cable. Since the thumper is used to stow and 
deploy the geophones and cabling, the assembly is 
referred to as the thumper/geophone assembly. 

In the second instance, the set mic energy is pro- 
duced by a launching device, capable of launching 
four rocket-propelled, explosive grenades to lunar 
ranges of 500, 1000, 3000, and 5000 feet. The 
grenades contain O.I, 0.3, 0.6, and 1.0 pound of high 
explosive, respectively. The device, known as the 
mortar package assembly, is emplaced by the astro- 
naut so that its firing line is aligned to be 180 degrees 
from the deployed geophone line. The grenades are 
launched by earth command after the departure of 
the astronauts, for a period of up to one year follow- 
ing lunar deployment. 

If the distance between the geophones and the 
energy source is known, the velocity of the seismic 
waves can be determined by analysis of the time 
interval between the energy (explosion) instant arid 
the detection of the seismic-wave arrivals. In the 
thumper mode, the range determination is based on a 
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EXPERIMENT DESIGN 


knowledge of the marked intei-val on the geophone 
cable at which the astronaut fires the ASl. The 
instant of ASI initiation is detected by a pressure 
switch and telemetered as a real-time event (RTE). In 
the grenade mode, the range determination is based 
on the parameters of a ballistic trajectory assumed to 
be ideal. The launch angle of the grenade is de- 
termined from measurements made of the pitch and 
roll angles of the mortar package prior to each 
launch. Initial velocity data are provided by range-line 
breakwire ckcuits, which are broken at the beginning 
and at the end of a 25-foot interval of line deployed 
at launch, the breaks being telemetered as real-time 
events. Time of fliglrt is furnished by a transmitter in 
each grenade which is activated at launch and de- 
stroyed upon explosive impact; loss of the transmitter 
signal occurs at the instant of explosion and is also 
telemetered as a real-time event. Using these param- 
eters (launch angle, velocity, and time of flight), 
grenade range can be determined to within ±5 per- 
cent. The time of thumper ASI initiation and the 
time of grenade detonation are known to within ±0.1 
millisecond. 

The seismic detectors are three identical geo- 
phones-electromagnetic transducers that translate 
high-frequency seismic energy into electric signals. 
The outputs of the three geophones are applied to 
separate logarithmic compression amplifiers to obtain 
maximum dynamic range and maximum sensitivity. 

The Active Seismic Experiment uses seven com- 
mands transmitted from the Manned Space Flight 
Network to arm and fire the grenades and to effect 
geophone calibration. Other commands are used to 
effect power distribution to the ASE from the 
ALSEP data subsystem and to place the data sub- 
system in the active seismic mode. The three channels 
of stdsmic data generated by the ASE, along with 13 
channels of engineering data, are converted to digital 
form within the experiment for transmission to earth. 
A 20-bit digital word format and a 10,600-bit-per- 
second data rate are used in the ASE to ensure accu- 
rate encoding and transmission of critical real-time- 
event data and to provide a relatively high frequency 
seismic-data-handling capability. The higher bit rate 
and the longer word length are incompatible with the 
normal ALSEP format and preclude the usual data 
collection from other experiments during the time 
the ASE is activated. Five significant measurements 
from the ALSEP electric power subsystem are 
included in the ASE telemetry format as engineering 
data. The experiment formats the seismic and engi- 
neering data and applies them to the data-subsystem 
modulator for modulation and downlink trans- 
mission. 


The Active Seismic Experiment, the components 
of which are shown in Figure 1, is made up of three 
major subsystems: the thumper/geophone assembly, 
the mortar package assembly, and the Central Station 
electronics. The experiment weighs 34.66 pounds. 
Size and weight data for each of the subsystems are 
presented in Table I; system power requirements are 
listed in Table II. 

Thumper/Geophone Assembly 

The thumper/geophone assembly is constructed 
almost entirely of magnesium alloy and is so designed 
that it folds Into three sections for stowage. It is 
electrically connected to the ALSEP Central Station 
by 318 feet of flat, four-conductor, H-film cable, 
which is stowed on a split spool on the upper end of 
the thumper handle and unwound by the astronaut 
during deployment. Also stowed on the thumper 
until deployment are the three geophones, the geo- 
phone cabling, and an aluminum-alloy geophone flag. 
The geophone cabling is wound on a reel at the lower 
end of the thumper. The geophones are mounted in 
individual stowage sockets in the reel assembly and 
held in by removable clips. The geophone flag is 
similarly stowed in a socket in the reel assembly and 
is deployed at the second geophone emplacement to 
aid the astronaut in the visual alignment of the geo- 
phones. The thumper is held horizontally during 
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Figure 1 The Active Seismic Experiment 
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Tabte / Active Seismic E xperiment Subsystem Parameters 


Subsystem or 
Component 

Parameter 

Value 

Ihumptrr/lict'phone 

I.engih iloldcil) 

14.5 inches 


Weifihl 

7.5^ pounds 

■ t humpcr 

Length (deployed) 
eight 

44.5 inches 


(including cables and initutors) 

4.b4 pounds 

• Gcophones 

Heitiht (including: spike) 

4 .K0 inches 


Diameter 

eight 

1.66 inches 


(three geophones with cables) 

2-95 pounds 

Mortar Package 

1* nveiope Height 

1 1 .5 inches 


Fnvelope idth 

6.0 inches 


1 nveiope l.engith 

15.25 inches 


Weight 

1 7.00 pounds 

• Mortal Box 

Height 

11.5 inches 

.Assembly 

Width 

6.0 inches 

Length 

Weight 

15.25 inches 


(including antenna and cables) 

6.39 pounds 

* Grenade Launch 

Width 

4.0 inches 


Length 

13.7 inches 


Depth 

6.23 inches 


Weight (Including grenadcv) 

10. KK pounds 

• Grcnade> 

Gross Section 

2.7 inches 


length 

4-6 inches 


Weight® 

K.OH pounds 

Cenlral-Llcctronic'' 

Height 

2.75 inches 

.Assembly 

Width 

6. 1 K inches 

1 ength 

6.77 inches 


Weight 

3.22 pounds 

Mori:*' t'aekage 

Width 

24.0 inches 

PallcI Assembly 

Length 

26.0 inches 


Weight 

6.K5 pounds 


‘’C;rcnaJc\ I. 2. J. and 4 »eigh 2.«'7, 2.14, 1.70, and 1.52 pounds. 
tcspeclivel> . 


Table II System Power Requirements 


Type 

Amount 

Voltage 


.AS! ••■\ctivaied 

+ 29. + 15.-1 2. and +5 volts d.c. 

ASi -Deactivated 

+ 24 volts d.c. 

Power 


Operational 

H.O watts (maximum) 
6.0 watts (nominal) 

1 hcrmal Control (standby) 

3.00 watts 


di-ploymonl, as shown in Figure 2. and rotating 
ham'les on the staff assembly allow both the power- 
and the geophcne-cable reels to rotate freely for cable 
deployment. 

Ihe thumper contains 21 Apollo standard initia- 
tors (.ASI’s). rated at I ampere “no-fire” and 3 
amperes “all-fire.” The ASI, as a component, gener- 
ates a pressure of approximately 650 pounds per 
square inch in a 1 0-cubic-centimeter volume. I he 
initiators are threaded into a magnesium mounting 
plate, which forms a portion of the thumper base. 
The .ASI’s are individually fired directly into a 
forged-aluminum impact plate, which is spring-loaded 



r /jure 2 Deployment of Thumper /Geophone Assembly 

against 'he mounting plate. As illustrated in Figure 3. 
the gas pressure resulting from an initiator discharge 
drives the impact plate sharply downward, imparting 
a thump to the adjacent lunar surface. I he initiator- 
discharge gases are immediately venteil around the 
edges of the impact plate and are dellected downward 
by a ring which is part of the mounting plate. \ 
pressure switch. i''*'alled in the mounting plate, 
closes from the pressure generated from an initiator 
firing. I he switch closure causes an R I F signal to be 
generated in the .ASF central electronics, indicating 
the .n.tant of explosion. Ihe end of each -\SI 
mounted in the mounting plate is covered with a 
coating of silicone rubber to protect the initiator 
from the pressure and debris from adjacent initiator 
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lirmgs. which might otherwise cause sympathetic 
detlagration. Extensive test firings have demonstrated 
the adequacy of this protection 

The thumper is so designed that all the initiators 
are internally shorted by the ASI rotary selector 
switch when the selector switch is in the zero 
position In any other position (numbered I through 
21 ). one ASI is connected to the firing circuitry and 
the other twenty remain shorted out Simple rotation 
of the switch to a position other than zero will not in 
itself fire an ASI, even with power applied, a definite 
two-step firing operation with a time delay is re- 
quired. After ASI selection by rotation of the selector 
switch to a numbered position, the thumper is armed 
by rotating the ARM blRh knob approximately ‘>0 
degrees and holding it at that position for a minimum 
of 4 seconds. I his sw itch is then puslied in, applying 
a capacitor charge across the ASI and causing it to 
fire, fhe ARMMRbi control is so designed that the 
firing switch cannot be actuated until the arming 
switch has been activated. If for any reason it should 
be necessary to stop the firing sequence after the 
thumper is armed, release of the ARM FIRh control 
permits it to return to its normal unactivated 
position, and the arming capacitors are automatically 
discharged in a matter of milliseconds. In the normal 
position, the control provides a low impedance across 
the firing capacitors, both to prevent them from pick- 
ing up a static charge and to discharge them if they 
are charged hut have not fired through an ASI. 

The thumper is shown in the firing position in 
F igure 4. 

Mortar Package Assembly (MPA) 

Ihe mortar package, shown in a deployed con- 
figuration in F-'igure 5, consists of a mortar box as- 
sembly and a grenade launch assembly ((11 A). Ihe 
mortar box is an L-shaped fiberglass box. with a 
magnesium frame and folding legs. Ihe grenade 
launch assembly is made up of four fiberglass launch 
tubes, each containing a rocket-launched explosive 
grenade. I heCiL.A is mounted in the mortar box. The 
mortar box contains the electronic circuitry for 
arming and firing the grenade rocket motors, along 
with a receiving antenna, two S A FT: .ARM switches, 
and a thermal bag. The antenna, used in conjunction 
with the grenade transmitters, is mounted to the side 
of the mortar box and folded along the edge of the 
package during transport. A Hag is mounted on the 
antenna top section to aid the astronaut during de- 
ployment. I he two S.AFT- 'ARM switches disable both 
the arming and the firing circuits and short out the 
rocket-motor firing capacitors and initiators for 
astronaut safety during lunar deployment. Fhe for- 
ward end of the mortar box is beveled at 45 degrees. 
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and in the deployed position the MPA rests upon the 
45-degree bevel. The remainder of the package Ls 
supported by two legs, which are stored along the 
side of the box during transport and folded down and 
locked into place during deployment. I he mortar box 
is attached to an aluminum-skin pallet assembly in 
the final deployed configuration. Ihe pallet has four 
7-inch stakes mounted to its underside and, when 
placed on the lunar surface, provides a stable base for 
a 45-degree grenade launch. 

The mortar package assembly is designed to survive 
on the lunar surface for a period of one year. A 
temperature ranging between 60"C during lunar 
night and +K5°(' during lunar day is maintained by a 
thermal control design incorporating thermal isola- 
tion and insulation as well as electronic heaters inside 
the mortar box. Isolation is provided by a multilayer 
alumini/ed-Mylar thermal bag. which is installed 
down inside the mortar box. The electronic heaters 
are mounted on the walls of this bag. Insulation is 
provided by a multilayer alumini/ed-Mylar fiberglass 
cover along the top of the mortar box. This cover 
remains in place throughout lunar storage until the 
first grenade is launched through it; it also serves as a 
radio-frequency-interference shield, completely en- 
closing the grenade launch assembly. The mortar-box 
firing circuits are designed with low-pass input filters, 
and all firing capacitors and initiators have resistors 
across them to reduce the effects of electrostatic 
charge. The fragile bottom of the thermal bag dis- 
integrates when the grenades are launched. Two fiber- 
glass blowout panels, each extending over two launch 
tubes, enclose the bottom of the mortar box and 
blow away upon grenade ignition. 

GLA Configuration 

Ihe grenade launch assembly, pictured in Figure 6. 
is a fiberglass launch-tube assembly (LTA) consisting 
of four rocket-launched grenades, a grenade safety- 
pin as.sembly, three microswitches, three temperature 
sensors, and two vertical sensors. Each of the four 
launch tubes has a cross section of 3 inches. Two 
tubes are inenes long and the other two are 6.5 
inches long. Around the outside of each tube is 
wound a range line, a thin stranded stainless steel 
cable, to which the grenade is attached. I wo fine 
copper wires are looped around each range line, so 
spaced that the first breaks when the grenade is 
separated from the launch tube by about 16 inches 
and the second breaks when this distance is increased 
by exactly 25 feet. Loop-breaking starts and stops a 
range gate pulse, establishing a time interval for 
determination of grenade velocity. 

Grenade construction is detailed in Figure 7. The 
four grenades are similar, differing only in the size of 



Figure 6 Grenade Launch Assembly 
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Figure 7 Grenade Construction 

the motor and the amount of propellant and high 
explosive. Each has a thin fiberglass casing and a 
2.7-inch-square cross section; they range in length 
from 4 to 6 inches. Inside the casing are the rocket 
motor, a safe-slide plate, a higli-explosive charge, a 
detonating cartridge, an omnidirectional impact 
switch, a thermal battery, and a 30-megahertz trans- 
mitter. The range line is attached to the output 
terminal of the transmitter and serves as a half-wave 
end-feed antenna as it trails the grenade in tlight. 

The launch tubes for grenades 2, 3. and 4 each 
contain a microswitch that closes when the grenade is 
launched. Each switch connects the firing command 
from a sequential grenade- firing circuit to the next 
grenade to be launched. 

Two temperature sensors are located between 
tubes I and 2 of the LTA; a third is located between 
tubes 3 and 4. One of the sensors provides an analog 
signal indicating GLA temperature to the data han- 
dling function of the Active Seismic Experiment. Ihe 
other two sensors are part of the mortar-box heater 
control circuitry. 
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Two bubWe-type electrolytic vertical sensors are 
mounted between tubes 3 and 4. These single-axis 
sensors indicate angular tilt (±12 degrees) in pitch and 
roll from the local vertical to provide grenade-launch- 
angle deviation from the 45-degree deployment angle. 
The vertical sensor is qualified for a 100-g shock 
resulting from grenade launch. 

Grenade Launch 

The mortar package is activated by ARM GRE- 
NADES and FIRE GRENADES commands from 
earth. The ARM GRENADES command is applied to 
and gated through the experiment central-electronics 
command gating to the grenade-arming circuit, which 
charges the regular and sequential firing capacitors in 
the mortar box and in each of the four grenades by 
applying a 24-volt arming signal. After arming, a 
FIRE GRENADE command for each of the grenades 
is applied to the command gating and gated to the 
appropriate firing circuit in the mortar box; this 
causes the firing capacitor to discharge and to ignite 
the grenade propellant through a single-bridgewire 
Apollo standard initiator (SBASI). As the grenade 
leaves the launch tube, the safe slide is spring-ejected; 
this permits a microswitch in the grenade to close, 
discharging the grenade-arming capacitor across a 
thermoelectric match and, in turn, activating the 
thermal battery. The thermal battery, when activated, 
provides internal grenade power for driving the trans- : 
mitter and charging the detonator storage capacitors. 

The first of the two range-line break wires is broken 
upon grenade launch, initiating the range gate pulse 
to the real-time-event logic in the central electronics. 
Rocket propellant in the grenade is exhausted before 
the grenade exits the tube. The second range-line 
breakwire is broken when the grenade is 25 feet into 
trajectory; this terminates the range gate pulse to the 
real-time-event logic and provides time/distance data 
for subsequent determination of grenade velocity. 
The grenade transmitter, activated at launch and 
utilizing the grenade range-line as an antenna, trans- 
mits until it is destroyed upon grenade impact. The 
omnidirectional impact switch in the grenade allows 
the detonator capacitor to discharge, firing a detona- 
tor to set off the grenade high explosive upon impact. 
The 30-megahertz signal from the transmitter is re- 
ceived by the antenna mounted on the mortar box 
and is conducted by coaxial cable to the receiver in 
the Central Station electronics. The received signal is 
applied, through a level detector, to the real-time- 
event logic for application to the data handling func- 
tion. The grenade transmitter signal provides an in- 
dication of time of flight and instant of detonation, 
and thus a second calculation of range, enhancing the 
confidence factor for the range calculation that is 
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based on launch-angle and grenade-velocity data 
generated from the vertical sensors and the range-line 
breakwires. 

Grenade 2 (3000 feet) is fired first, followed 
sequentially by grenade 4 (500 feet), grenade 3 (1000 
feet), and grenade 1 (5000 feet). This firing order 
results in optimum mortar-package firing stability. A 
redundant arming and firing circuit is provided for 
sequential firing in the event of failure of one or all of 
the regular firing circuits. This so-called sequential 
circuit is armed by the normal ARM GRENADES 
command. A series of interlocking microswitches 
connect the sequential firing circuit to the next 
grenade-firing circuits as the grenades are launched. 

Grenade Design Features 

The safe slide in each grenade constitutes a 
mechanical block between the detonator and the 
explosive block. It is held in place while the grenade 
is in the launch tube and is spring-ejected at launch. 
While it is in place, inadvertent detonator ignition will 
not cet off the higli-explosive charge. The safe slide 
also keeps a microswitch so positioned as to isolate 
the thermal battery output from the high-explosive 
firing circuitry, and provides a low impedance to the 
firing capacitors to prevent their being charged by a 
static charge. 

The thermal battery in each grenade contains a 
thermoelectric match, which has a no-fire rating of 
0.75 ampere for 1 0 milliseconds and an all-fire rating 
of 2,0 amperes for 10 milliseconds. The hermetically 
sealed battery output is rated at a nominal 1 5 volts (a 
13-volt minimum for 1-second activation to a maxi- 
mum of 19 volts) and is capable of providing 100 
milliamperes for 1 minute (minimum). 

The grenade transmitter has a ruggedized, sub- 
miniature, encapsulated cordwood construction. It 
operates at a continuous-wave frequency of 30 
megahertz ±100 kilohertz, with a power output of 
200 milliwatts for a minimum of 1 minute. Both the 
transmitter and the thermal battery are designed to 
survive a grenade-launch shock of 2465 g’s and are 
qualified at 3200 g’s. 

The grenade higli-explosive charge is plastic-bonded 
hexanitrostilbene (HNS).* The selection of HNS for 
use in the Active Seismic Experiment was made On 
the basis of vacuum stability, thermal stabihty, fric- 
tion sensitivity, impact (shock) sensitivity, shelf life, 
and radiation sensitivity. The material does not 
decompose hi a vacuum, prolonged exposure resulting 
in a weight loss of less than 0.06 percent, and this due 
primarily to evaporation of residual solvents. From a 


’‘Developed by the Naval Ordnance Laboratory, \Vhite Oak, 
Maryland. 
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tlicnnal standpoint, HNS is an excellent explosive 
material. It does not begin to melt until exposed to 
temperatures well above 500' F for prolonged 
periods, making it extremely safe to handle in any 
normal temperature environment, it is in no way 
sensitive to friction, and as a raw material it is very 
insensitive to impact shock. If has been dropped from 
great heights onto solid concrete without detonating; 
its impact sensitivity as measured in Military Standard 
Laboratory tests is well above the minimum military 
standard of 60 centimeters. ith respect to shelf life, 
military tests predict a decomposition of only I per- 
cent over a 500-year period at 212 F. Radiation 
sensitivity tests indicate that HNS is m no way sensi- 
tive to radiation. From these criteria, it was con- 
cluded that HNS could be handled, tested, tlown on a 
spacecraft, and deployed by astronauts with relative 
safety. For the .Active Seismic Lxperiment, raw HNS 
is blended with Tellon to yield a W-percent-HNS, 10- 
percent- Teflon composition. The blend is pressed into 
a plastic block under pressures of approximately 
30,000 pounds per square inch, and the block is then 
machined into the tlight configuretion seen in the 
.X ray of a completed grenade launch assembly shown 
in Figure 8. 

Cirenade design also features a fast-ignition motor, 
with an extremely short thrust duration (6 to 10.5 
milliseconds) and a stable launch platform. Stability 
is attained by utilizing recoilless launch techniques, 
with open-end launch tubes operating on the rocket- 
motor action reaction principle for grenade launch. 
During the development phase of the .Active Seismic 
Experiment, a trade-off study was conducted and 
tests were performed to compare the feasibility of 
open-tube rocket-launched grenades with that of a 
closed-tube mortar approach. Mortar launch offered 
the advantage of good reproducibility, provided that 
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Figure 8 X Ray of Flight-Configuration Grenade 
Launch Assembly 


a lightweight, stable platform could be achieved, 
moreover, all the propellant would burn while the 
grenade was still in the closed tube. However, the 
high reaction load imparted to the launch platform 
presented a problem in that it necessitated a mechan- 
ically strong and predictably heavy design. I he logical 
alternative to the mortar approach was to attach a 
motor to the grenade to form a miniature rocket and 
use an open launch tube. The motor developed has so 
short a burn time that it is burned out completely by 
the time the grenade travels the length of the 6.5-mch 
or ‘>-inch tube. Since there is little reaction load on 
the launcher, the design is suitably lightweight. There 
are two basic motor sizes, with uiflerent propellant 
loadings to achieve the different burn times. Nozzle 
sizes of 0.5 and 0.8 inch are used for the two motors 
to yield the required thrust levels, the nozzle being an 
orifice rather than a conventional nozzle. .A further 
requirement imposed on the motor is that it be 
hermetically sealed but ignite reliably even if the seal 
should be lost during the year of lunar storage. The 
motors are therefore individually sealed with a 
0.003-inch stainless steel diaphragm stitch-welded 
across the nozzle; the diaphragm blows out upon 
ignition. The initiators are also welded in. 

The solid propellant used* was selected for its burn 
rate, temperature stability, friction sensitivity, impact 
sensitivity, and vacuum stab-'ity. An extruded cylin- 
der of the magnesium Tefion-composition propellant 
0.205 inch in diameter is sliced into wafers 0.013 to 
0.018 inch thick, as dictated by thrust time curve 
requirements. The wafers are retained behind a coni- 
cal screen welded inside the motor assembly, in 
numbers varying from 570 to 2365. Two views of the 
rocket motor assembly and a cutaway showing the 
conical screen are seen in Figure The motors are 
elliptical in shape, being formed by 21 elliptical 
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Figure 9 Grenade Rocket Motor 
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10 

060 

030 

0 10 

Rochet Motor Mean Peak Thrust (Ibl 
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126 

73 
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44 

32 

19 
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Figure 10 Grenade Design and Performance Paran\eters 


domes of 4130 chrome/molybdenum steel, heat- 
treated to a minimum yield strength, welded to- 
gether, of 180,000 to 200,000 pounds per stjuare 
inch. 

Grenade design and performance parameters are 
summarized in Figure 10. 

Central Station Electronics (CSE) 

The ASF central-electronics subsystem, shown in 
Figure II. is hard-mounted to the A L.SFP Central 
Station thermal plate and electrically and thermally 
controlled by that station. Ihe subsystem contains 
power protection circuitry, temperature sensors, 
calibration, timing, and control-logic circuitry, and 
data handling and processing capability. Included as 
subassemblies are the l(>-channel multiplexer and 
analog-trvdigital converter, the ASF receiver, and the 
geophone amplifier. 

fhe power protection circuitry contains current- 
sensitive relays that prevent overvoltage from damag- 
ing the ASF subsystems. It also prevents an ASF sub- 
system from overloading the ALSF'P power distribu- 
tion unit in the event of a malfunction. F he circuitry 
is assembled on a printed-circuit board (power pro- 
tection module). I he circuits are designed to trip at 
an overload equal to 200 percent of the normal 


operating load. Operating and standby (survival) 
power is supplied to the Active .Seismic Fxperiment 
from the ALSI P power distribution unit at -hS, -^15. 
- 1 2. and -h 20 volts d.c. 

Iwo temperature sensors, mounted on the dis- 
crete-component board, provide central-electronics 
temperature data in Ihe ON and SURVIVAL, modes. 
The discrete-component board also includes arming 
and firing circuitry and calibration voltage circuitry. 
The calibration circuits perform two functions: 1 hey 
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Figure 1 1 Active Seismic Ex per inherit Central Electronics 
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provide a two-point calibration to the multiplexer 
and analog-to-digital converter, and. actuated by 
earth command, they provide a calibration signal to 
the geophones for lunar test and calibration com- 
parison. 

The timing and control circuitry is basically digital 
logic, which operates the Active Seismic Experiment 
using a 10.6-kilohertz clock signal in conjunction 
with seven commands from earth. The data rate of 
the ASE logic is 10. 6K bits per second. The basic 
timing is obtained from the 10.6-kilohertz square 
wave received from the ALSEP data processor. The 
shift-register multiplexing logic selects the data to he 
loaded into the shift register through the analog-to- 
digital-converter frame, holding, and control gates. A 
START pulse is applied to the multiplexer and 
analog-to-digital converter from the decoder of the 
timing and control function. When a real-time event 
(RTE) occurs (as in the case of thumper firing, range- 
line-velocity START and STOP breakwires, or loss of 
transmitter signal upon grenade explosion), the RTE 
logic, in conjunction with the sequence counters and 
holding register, provides a MARK EVENT signal to 
indicate the event occurrence in the prior telemetry 
frame. The word and bit in which the event occurred 
are also identified. 

Data handling and processing are accomplished by 
the application of 16 analog-voltage channels to the 
ASE multiplexer and analog-to-digital converter. 
Three analog channels are used for geophone outputs, 
two for mortar-box launch angle outputs, three for 
calibration, three for ASE temperature and power 
measurements, and the other five for ALSEP electric- 
power-subsystem temperature and power measure- 
ments. The analog signals are multiplexed, converted 
to digital signals, and formated for shifting to the 
ALSEP central data subsystem and downlink trans- 
mission. 

Subword, word, and frame signals are derived from 
the sequence counters through the decoder of the 
timing and controf function. The ASE data format is 
made up of 32 20-bit words per frame, each word 
consisting of four 5-bit subwords. Geophones 2 and 3 
are sampled and read out in every word of the frame; 
geophone 1 is sampled and read out in all but the first 
word. In the first word, geophone 1 is sampled and 
stored, then read out in the first subword of the 
second word. The first two subwords of word 1 com- 
prise a 10-bit frame-synchronizing signal. The first 
three bits of subword 1 of word 32 provide a mode- 
identification signal. The binary signals from the 
multiplexer converter are applied to the shift-register 
multiplexer gates, which are controlled by the shift- 
register multiplexing logic, A storage buffer is pro- 
vided between the converter multiplexer and the 
shift-register multiplexer gates. The ASE data are 
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shifted out in the 32-word telemetry-frame format to 
the biphase modulator of the ALSEP data subsystem 
for modulation and downlink transmission. 

The ASE receiver is a subminiature, low-power r.f. 
receiver, capable of receiving a continuous-wave signal 
transmitted from the in-flight grenade transmitter. 
The receiver is located in the central-electronics 
package and is connected by coaxial cable to its 
antenna, which is mounted on the mortar box. The 
functions of the receiver are to acquire, track, and 
amplify the continuous-wave transmitter signal and to 
provide an output to the central electronics to indi- 
cate signal acquisition or loss. The receiver has a 
center frequency of 30 megahertz, with a minimum 
acquisition and tracking bandwidth of ±100 kilo- 
hertz. 

The geophone amplifier assembly is a subassembly 
of the central-electronics subsystem. The amplifier, 
together with the geophones and cabling carried on 
the thumper, form what is known as the active 
seismic detection system (ASDS). Since the ASDS 
was designed, developed, and tested as a subsystem, it 
is described separately in the section that follows. 

Active Seismic Detection System (ASDS) 

The active seismic detection system is designed to 
monitor seismic waves in the frequency range be- 
tween 3 and 250 hertz. Three electromagnetic geo- 
phones, three logarithmic-compression amplifiers, and 
the interconnecting cabling constitute its major 
elements. The geophones can be excited mechanically 
by natural or artificial seismic waves or electrically by 
a GEOPHONE CALIBRATE command. Sensing 
induced or natural seismic activity which creates 
motion in the lunar surface, each geophone generates 
an electric (a.c.) signal that is proportional to the 
amplitude and frequency of the ground motion. This 
signal is supplied to the geophone amplifier assembly 
in the central electronics, where it is first amplified 
by a linear amplifier. It is then filtered to eliminate 
frequencies of more than twice the sampling rate and 
to flatten the frequency response in the passband of 3 
to 250 hertz by enhancing signals with frequencies 
below the geophone natural frequency. After filter- 
ing, the signal is logaritlimically compressed by one of 
two identical logarithmic compressor circuits in each 
geophone-channel log compressor; two such compres- 
sor circuits are required — the one to process positive 
and the other negative signals — because the geo- 
phone signals are bipolar and logarithmic compression 
is a function of the instantaneous amplitude. The 
log-compressed signal is connected to a multiplexer 
gate, which is controlled by the ASE format- 
generator logic to properly time-sample the data. 
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Because ASDS response may change in the course 
of 1-year lunar operation and storage, a pulse-type 
calibration is included with the amplifiers to provide 
a relative-calibration function. This function is acti- 
vated by applying a GEOPHONE CALIBRATE com- 
mand to the ASE command gating. The command is 
gated to the calibration circuitry when a pulse i 
second in width is generated and applied to the ASDS 
calibrate driver, electrically exciting the geophones. 
Geophone excitation permits measurement of geo- 
phone resonant frequency, generator constant, and 
damping coefficient relative to the preflight calibra- 
tion. A temperature sensor mounted in geophone 1 
(that closest to the Central Station) provides tempera- 
ture data whenever the ASE is not activated. 

Geophone Design 

The geophones developed for lunar use are of the 
moving-coil/magnet type. The coil is the inertial mass, 
suspended by springs in the magnetic field. Above the 
resonant frequency of such a device, its output is 
proportional to ground velocity ; below its resonant or 
natural frequency, the output drops off at the rate of 
12 decibels per octave. 

Previously existing commercial geophone designs 
were evaluated but found to be unsuitable for lunar 
use. Spring parameters had to be changed to be 
compatible with lunar gravity. Moreover, it was 
apparent that significant increases in sensitivity could 
be achieved with simultaneous reductions in weight 
and size if better magnet materials and more efficient 
coil windings were used. Design changes were also 
suggested by such considerations as the methods 
available to the astronaut for implanting the device 
and the need to protect the springs from the vibration 
and shock levels encountered during testing and 
transit. The final design saw a significant increase in 
available signal power with some savings in size and 
weiglrt, as well as the satisfaction of such other design 
objectives as the matching of the coil resistance to the 
optimum amplifier source impedance. 

The design goal for overall ASDS response was that 
it be flat to ground velocity down to 3 hertz. The 
minimum resonant frequency for reliable operation 
of geophones of small size and weight can be ex- 
pected to be somewhat higher than 3 hertz, particu- 
larly with the springs used for operation at lunar 
gravity. Preemphasis in the succeeding electronics was 
used to provide the desired response at frequencies 
below geophone resonance frequencies. 

For state-of-the-art junction transistors in appro- 
priate configurations, the power spectral density of 
the equivalent input noise is very nearly constant 
down to about 20 hertz. Below this frequency it 
increases with a slope of 1//. Preemphasis at fre- 


quencies lower than the resonance frequency thus 
amplifies the 1// noise, decreasing the signal-to-noise 
ratio for signals at higher frequencies. This effect 
constitutes a strong incentive to select as the natural 
frequency of the geophone the lowest possible fre- 
quency consistent with small size and weight and 
adequate mechanical rugged ness. These constraints 
led to the choice of 7.5 hertz as the natural frequency 
for the lunar geophone. 

Figure 12 is a cutaway view of the assembled geo- 
phone, showing the position of the coil in the 
magnetic flux path, The internal assembly is sup- 
ported within the outer case by parts machined from 
Epon® 828 for thermal and mechanical stability. 
When the mass-lock button at the top of the case is 
held in the depressed position, three nickel/silver 
fingers extending inside the inner case assembly (the 
magnet cup) hold the coil firmly against the lower 
stops, This mass lock ensures that the unit can survive 
the shock and vibration encountered in environ- 
mental testing and transit to the' moon. The spring- 
loaded mass-lock buttons are released automatically 
when the geophones are removed from the thumper 
and deployed by the astronauts. 


®Epon is the registered trademark of Shell Cliemical Corporation 
for 8 family of resins. 
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The coil is wet-wound, using Epon 828 on a 
mandrel between end pieces also cast from Epon 828, 
with nickel/silver-threaded inserts, encapsulated in 
them; 13,600 turns of No. 43-type ML copper mag- 
net wire are used. The screws that secure the springs 
to the coil, and the springs themselves, serve as con- 
ductors from the coil. The two halves of the magnet 
cup are identical and include magnet pole pieces and 
pole caps, as shown in the figure. Fabricated of 
Alnico 9, they are so charged that the fields in the 
two halves oppose one another, creating a closed flux 
path for each half of the cup. The average flux in the 
gap for each half ranges from 19,000 to 20,000 max- 
wells. The sensitivity and frequency-response charac- 
teristics of the resulting geophone are excellent. An 
open-circuit generator constant of about 235 volts 
per meter per second is achieved, using a coil resist- 
ance of 6200 ohms; open-circuit damping is about 5 
percent of critical. By way of comparison, a .standard 
4.5-hertz geophone* has a generator constant of 
about 24 volts per meter per second, with a coil re- 
sistance of 215 ohms and open-circuit damping of 
about 23 percent of critical. Adjusting for differing 
coil resistances and ignoring differences in open- 
circuit damping, the available signal power from the 
lunar geophone is about three times that from a 
commercial geophone. The magnetic cup assembly of 
the commercial unit is 1.88 inches high and 1,62 
inches in diameter and weighs about 9.5 ounces. The 
lunar geophone is 1,25 inches high and 1.095 inches 
in diameter and weighs 4.16 ounces. Complete with 
outer case, the unit weigh.s 6.25 ounces. 

Geophone Testing 

Testing of the lunar geophone on earth presents a 
problem because the inertial mags rests on the lower 
stops in the earth’s gravitational field. To overcome 
this problem, a device was developed which intro- 
duces into the coil of the geophone just enough direct 
current to offset about five-sixths of the weight of 
the inertial mass at earth gravity. The necessary 
current was accurately calculated for each geophone 
on the basis of its measured generator constant and 
was nominally 0.74 milliampere. High-voltage bat- 
teries and a large dropping resistance were used to 
obtain a quiet current source. Large capacitors were 
inserted in the amplifier input to block any d.c. flow 
from the amplifier. 

Verification of geophone linearity at the very low 
signal amplitudes expected presents another problem. 
The system sensitivity is such as to provide clearly 
discernible signals in response to ground motions of 1 
millimicron zero-to-peak at 10 hertz. Testing at these 
levels, which are lower than normal background 
seismic-noise levels on earth, requires the use of a 


quiet site and an isolation drive system to excite the 
geophones. 

Low-level tests** were performed in a 50-foot-deep 
cased hole- The operating mechanism from a vertical 
seismometert with a natural frequency of 0.8 hertz 
was used as the isolation drive unit. A signal generator 
was the driving source, and signal levels required for a 
given displacement were calculated, using the cali- 
brated generator constant of the large seismometer. 
The three geophones were mounted directly to the 
18-kilogram mass of the seismometer, and lunar 
gravity was simulated using the quiet current source 
previously described. Testing very late at night, good 
data were obtained down to displacements of I milli- 
micron peak-to-peak at 10 hertz. There were no 
measurable deviations from linearity at these low 
amplitudes. 

Cable Assembly 

The geophone cable assembly consists of four 
twisted-pair, shielded polyimide-insulated cables. 
Three of the pairs connect the three geophones to 
their respective amplifier inputs; the fourth connects 
a temperature sensor in the near geophone to the 
proper data circuitry. The three geophones are spaced 
at 150-foot intervals on the cable, automatically pro- 
viding the proper separation upon deployment by the 
astronaut. White markers on the cable indicate the 
thumper firing points. 

Amplifier Design 

A three-channel amplifier conditions the geophone 
signals prior to their conversion into digital format. 
Since the seismic thumper device is used for short- 
range shots (of the order of feet), seismic signals con- 
taining energy at frequencies of 100 hertz and higher 
can be generated. A system time resolution of ±1 milli- 
second was selected. This dictated a minimum sam- 
pling frequency of 500 hertz, which, in turn, specifies 
the filter response at high frequencies necessary to 
minimize data contamination from sideband folding. 
The low signal-to-noise ratio expected from the 
distant grenade explosions and uncertainty as to the 
character of the waveforms to be generated made it 
desirable to widen the frequency response as much as 
possible^ within tlie aforementioned constraint. The 


*Hall-Sears modetHS-l. 

**For greater detail, see ‘‘The Active Seismic Detection System 
Final Report,” Geotech Technical Report No. 69-44, Garland, Texas. 
7 Augustl969. 

TThe Johnson-Mathesoavertical seismometer. 
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overall frequency response for the active seismic 
detection system is shown in Figure 13. 

The wide dynamic range of the expected signals, 
the overall timing resolution desired, and telemetry 
bit-rate constraints suggested the desirability of some 
form of data compression prior to transmission to 
earth. The dynamic range of the linear system is 
nominally 80 decibels. The maximum bit rate avail- 
able to the Active Seismic Experiment is 10.6K bits 
per second. With a minimum sampling frequency of 
500 hertz, uniform sampling in time, and three chan- 
nels of seismic data required, a maximum of only 5 
bits per geophone-data subword would be available. 
In a linear digitization system, this would lead to un- 
acceptably poor resolution at the very low signal 
levels expected from the distant grenade shots. Since 
signal levels are likely to be distributed throughout 
the dynamic range of the system, the compression 
scheme of choice was one that would give signal 
resolution as some constant fraction of signal ampli- 
tude. Logarithmic compression was selected because 
this is its principal characteristic. 
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Figure 13 Active Seismic Detection System Nominal 
Frequency Response 
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Seismic Data front Man-Made Impacts on the Moon 

Abstract. Unusually long reverberations were recorded from two lunar impacts 
by a seismic station installed on the lunar surface by the Apollo 12 astronauts. 
Seismic data from these impacts suggest that the lunar mare in the region of 
the Apollo 12 landing site consists of material with very low seismic velocities 
near the surface, with velocity increasing with depth to 5 to 6 kilometers per 
second (for compressiondl waves) at a depth of 20 kilometers. Absorption of seis- 
mic waves in this structure is extremely low relative to typical continental crustal 
materials on earth. It is unlikely that a major boundary similar to the crust- 
mantle interface on earth exists in the outer 20 kilometers of the moon. A com- 
bination of dispersion and scattering of surface waves probably explains the 
lunar seismic reverberation. Scattering of these waves implies the presence of 
heterogeneity within the outer zone of the mare on a scale of from several hun- 
dred meters (or less) to several kilometers. Seismic signals from 160 events of 
natural origin have been recorded during the first 7 months of operation of the 
Apollo 12 seismic station. At least 26 of the natural events are small mOon- 
quakes. Many of the natural events are thought to be meteoroid impacts. 


Impacts on the lunar surface of the 
Apollo 12 Lunar Module (LM) ascent 
stage and the third stage of the Apollo 
13 Saturn booster (S-IVB) generated 
seismic signals that were recorded by 
the seismometers installed on the moon 
by the Apollo 12 astronauts on 19 No- 
vember 1969. The seismometers are 
part of the emplaced science station 
called ALSEP (Apollo Lunar Surface 
Experiments Package), [For details of 
the lunar seismic experiment, see (1).] 
Approximately 160 events of natural 
origin have been recorded by the seis- 
morneters during the first 7 months of 
operation. However, few criteria have 
emerged for estimating the time or loca- 
tion of these natural events from the 
study of their seismograms. Hence, the 
man-made impacts, whose time and lo- 
cation are well known from the Na- 
tional Aeronautics and Space Adminis- 
tration’s tracking information, have 
emerged as extremely important tools 
for the seismic exploration of the 
moon. It is expected that NASA will 
include impacts of both the LM and 
the spent S-IVB stage of the Apollo 
booster on all future Apollo missions. 

At least 26 of the natural lunar seis- 
mic events are believed to be shallow 
moonquakes. All of these events occur 
within 3 days of the time when the 
moon comes closest to the earth (peri- 
gee) during its monthly orbital cycle. 
At least one quake has been detected 
at each perigee crossing. Tidal strains, 
produced within the moon by the gravi- 
tational interaction between the earth 


and the moon, reach maximum values 
at perigee. Thus, tidal strains, which 
are much larger in the moon than in 
the earth, appear to be an important 
factor in the release of seismic energy 
in the outer shell of the moon. 

All the moonquakes are small. The 
magnitude of the largest events is be- 
tween 1 and 2 on the Richter scale. 
The magnitude of the lunar signals is 

Table 1. Expended LM ascent stage and S- 
IVB impact parameters. The Apollo 12 seis- 


jnic station is 

located at 

3°03'S, 23°25'W. 

Parameter 

LM 

S-IVB 

Time o£ 
impact 

(G.M.T.) 22‘'17'"16.4’ 

01"09"'39.0''±0.2" 

Mass Cks) 

2,383 

13,925 

Impact 

velocity 

(km/sec) 

1.68 

2.58 

Kinetic energy , 
of impact 
(ergs) 

3G6(10)^« 

4,63(10)” 

Equivalent 
energy of 
impact (lb 
of TNT) 

1,77(10)” 

2.44(10)* 

Angle of im- 
pact from 
horizontal 

3.7“ 

76,4“ 

Distance 
between point 
of impact 
and seismic 
station (km) 

73 

135 

Azimuth from 
seismic station 

112° 

274“ 

Latitude 

3°57'S 

2“45'S 

Longitude 

21-12'W 

27“52'W 


obtained through Richter’s empirical 
relationship between energy and mag- 
nitude. An earthquake of this magni- 
tude would normally be barely percep- 
tible even by persons in the immediate 
vicinity of the epicenter. The rate of 
lunar seismic energy release implied by 
these data is very low compared with 
the rate of seismic energy release in 
the earth. If the moon were as active 
as the earth and if the seismic sources 
were uniformly distributed throughout 
the outer shell of the moon, between 
10 and 100 quakes with energy release 
equal to or greater than that of the 
S-IVB impact would have been re- 
corded during the 7 months of opera- 
tion considered in this report. No 
quakes of this magnitude have been 
recorded thus far. However, neither 
the recording period nor the area cov- 
ered by lunar seismic stations is suffi- 
cient to permit generalizations on this 
point. Zones of high seismicity may be 
localized in regions far from the 
Apollo 12 station. Despite these quali- 
fications, it is almost certain that the 
concept of plate tectonics as it applies 
to the earth, with large-scale deforma- 
tion of the crust of the earth to form 
folded mountains and great trenches, 
does not apply to the moon at this 
point in its evolution. Nor do we see 
visual evidence of such tectonic activity 
in the past from study of the surface 
features of the moon. The outer shell 
of the moon appears to be very old and 
quite stable except for the disruptive 
influences of tidal stresses. Some of the 
natural events are believed to be pro- 
duced by meteoroid impacts, which 
can usually be distinguished from the 
moonquake signals by their higher fre- 
quency content and their relatively 
peaked spectra. When Hawkins’ (2) flux 
estimate is used, the rate of occurrence 
of the impact events is in approximate 
agreement with the number of meteor- 
oids in the kilogram mass range that 
are expected to collide with the lunar 
surface within a radius of a few hun- 
dred kilometers from the seismic sta- 
tion, The study of these signals will 
eventually provide a quantitative esti- 
mate of the numbers and masses of 
meteoroids in space in the kilogram 
mass range and more detailed informa- 
tion on the internal structure of the 
moon. 
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The liicMiions i>( ihc Api>ll«< 12 seis- 
mic si.ition and the impact points are 
shown m I ig I l*cTtinent impact and 
seismometer parameters are listed in 
I al'le I. 1 he 1 M struck the lunar sur- 
tace 73 km Irom A1 SI I’ at a selocity 
ot I (iS km sec .ind at an angle to the 
luttar surtace ol I'lily .1,7 ; it was mov- 
ing toward .\1 SI I' at the time ol im- 
pact I he S l\ II struck the suitace 
at nearly normal incidence. 1.1.' km 
Irom .\1 SI I*, with a vehicity ol 2.5S 
km sc'c, hcailed low.ird the northeast 

' he region ol the impacts is located 
in the southeastern edge ot Oce.inus 
I’roccll.irum. 1 he rel.ilively smooth 
.iie.i. p.irlicul.irly hetw .en the I M im- 
pact point and A1 SI I’, is helieved to 
be coveted by igneous rock, which 
lUHided the region earlv in ih • moi»n's 
histoiv Several scp.ir.ile episi>des ol 
Hooding in.iv have occurred I he rough 
leitam between the S l\ 11 impact 
point .mil .M SI I* presuinablv consists 
ot older liin.ir malcri.d. which cvlenils 
up through the lav.i till. Ihc n.ilurc ot 
Ihc oldci ni.ilcn.il is unknown It m.iv 
be primitive lunar in.ilcri.il that .ic- 
crcicd iliiimg the lin.il si.ige ol lun.ir 
evolution; it inav be m.ilciial Ihr.rwn 
oui lioin l.iigc cr.ilcrs. or it ni.iv be 
Igneous lock lornted during .in e;iilv 
sl.igc ol inellmg. On the b.isis .<1 l!'e 
.ipp.iieni llovidmg ol older cr, iters, we 
esiiiii.ite the oveilving mare m.ileii.il 
to t’e .ipprosim.ilelv I lii 2 km thick 
belweei. the I M imp.icl point and the 
seismis sl.ilion .ind to be v.iri.ilde in 
ihukness Irom I) to 2 km between the 
S l \ H imp, Id point .ind the sl.ilioii; 
however, these eslim.iles are siib|ecl to 
consn.lei.ible iiiiseil.iiniy I.O. 

I be imp. Id sign.iK .ire shown on a 
compressed lime se.ile in 1 ig. 2. .ilong 
with the signals Irom the two l.irgesi 
events of n.iiur.il origin rec oiiled thus 
l.ir, I he signal Irom ,i missile irnp.ict 
recordcil .it W hile S.iiuls. \evv Mesico. 
bv I ilh.iin 1 1 III. >■■/) Is .ilsii show 11 lor 
comp.ii I'Oii. ,\ll the lun.ir sign.ils .ire 
ele.irlv siinil.ir m ch.u.iclcr but. as i 
cl.iss. .lie i|U'le dilleient liom the W hite 
S.inds missile impad sign.ils. I he lol- 
lovving rem.irks c.in be m.ide concern- 
ing the gener.d ch ira -leristics of the 
lun.ir sign.ils, 

I 1 I hc lunar sign.ils have exireineiv 
long duration I he I M impact sign.il 
vv.is detectable lor about I hour, .ind 
the S-I\'H imp. Id sign.il was delectable 
lor more than 4 hours. .\ missile ini- 
p.id signal on earth would last only a 
tew minutes at an equivalent distance 
I he lunar signals build up gr.idiially to 
a maximum and then decay very grad- 
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u.illv Ihc 1 M impact ‘cunal re.ich* . its 
m.iximum inleiisily approviin.ilelv 
minutes alter its hi iinmc. and the S 
l\ 11 impact sign.il reaches if. maxi 
mum v.ihie alter approximalelv 12 
miniiles. 1 he smoolheil eif elope- ol 
the sign.ils re.ich ni..\iiiiiim pe.ik to 


p i .Ii'd dlspl.ieemenl alliphltiiles 

I '• '> .! • 1 iirn lor the 1 .M and 

s IVP p-c. ir ely. 

I . ea "h nif.ile imp.isl signal 
il i. t ,ii .1 pl|.i ,i;s o.'l !es|Vi iidii g 
to :! -c .1 • al ol v.irious Ivp.-- .<1 seis- 
=A.i'.-s Such phases are Ic- . dis- 
linei in the lunar sigu.d- 

’ I Sp- I 'a ol the imp. id gnals 
. '. in II lag 1| are rel.ilivelv ''injd 
lor sample- i.iken near the beeiniiings 
ol the wave trams, lor llu S l\ II ag- 
n .Is, the spedra ol ..imple' taken al 
i.iiei ii'ii- . in the w.ive ir.iins. show a 
I t.i.e de- ic i'c of ericrgv in the tiigh- 
I eipensv end ol ih- s[H-cir.int. owiiut. 
pr. .;;!r i ■- to the gre.iler alwiipli in 
of high-l reqiiencv seisiiuc eiiercv I he 
dadii.il loss ol high-l reqiiencv energy 
Il . ,!s to n.iirow the speeir.i, thus cm- 
pl asi/ing .1 .ingle dominant spedial 



fig. I I ocalions Ilf die I \1 ,ird S IX 11 ■ .iiiil ihe Xpollii 12 seismic station Ihc 

region ihown is in the 'line, -u in . ilge •' • f oii I’l. ilsiiiiin Ihc *oorilinales of 
these sues ,iie lisi.d ii I .rde I 
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peak for the later portions of the sig- idenlitication of these arrivals is based 

nals. I he spectra of !M impact signals primarily on their associated particle 

remain relatively broad. Although the motions and on their relative times of 

(Kak frequenev is relatively stable with arrival. The first arrival trom the IM 

time for each signal, it does vary from impact is very small in amplitude, and 

signal to signal. The spectral maxima it is difficult to specify the e.xact ar- 

are at l.l and 0.40 h/ for the LM and rival time. This arrival may corresptmd 

S-IVH signals, rc.-.pcctively. Low-fre- to a wave that ha.s reflected once from 

quency energy tivelow 0.25 h/.) is no- the lunar surface (/’/’), as will be dis- 

tably absent in the signals. cussed below. The prominent signal that 

4) The impact signals are eomple.x nearly obscures the /’ wave onset front 

with little or no phase correlation be- the IM impact was produced by a sud- 

tween any two components of motion. den tilt of the instrument. .Such tilts are 

except for the very early parts of the produced at random by thermal expan- 
wave trains at times of body wave ar- sion and contraction of the Mylar insu- 

rivals. luting blanket that surrounds the insirii- 

The beginnings of the impact signals ment. The remaining phases are more 

are shown on an expanded time scale easily distinguished. The travel times 

in F ig. 4. Signals corresponding to the and wave sjyeeds are listed in Table 2. 

arrival of compressional waves (/'I Our objective in the interpretation of 
and shear waves (.V), waves that travel the lunar impact seismograms is to de- 

through the body of the moon, can be rive a model for the outer shell of the 

ivientilied on the seismic records. The moon that is consistent with the ob- 
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big. 2. .Signals from the IM and .S-IV'H impacts and from two of the largest natural 
events recorded to date. .-Ml signals were recorded on the long-period vertical compo- 
nent scisinonieter. A record of the seismic signal from a missile impact recorded at 
the White Sands .Missile Range is also shown for comparison, bor the White Sands 
record: z wave; R = Rayleigh wave; Ru = air-coupled Rayleigh wave; /I = at- 

mospheric acoustic arrival; distance, 1..^ km; kinetic energy, l..^•10'■ ergs. Note that 
the time scale of the White Sands impact signal is gieatly expanded relative to that of 
the lunar signals. 


served trave* times ol seismic body 
waves and that will explain the un- 
usual characteristics of the remainder 
of the wave train. With data from only 
two artificial impacts recorded at a sin- 
gle station, detailed answers arc dilli- 
cult to achieve. 

An independent source of informa- 
tion is provided by measurement of 
seismic velocities on returned lunar 
samples. The laboratory measurements 
arc obtained by placing a rock sample 
under pressure and measuring tiie 
speeds of waves passing through it by 
ultrasonic techniques. .Since increasing 
pressure is equivalent to increasing 
depth within the moon, estimates of 
seismic velocities as a function of depth 
within the moon are thus obtained, 
b.xperimental results of this type have 
been reported tor the Apollo 1 1 sam- 
ples by Kanamori ft til. (5) and 
.Schreiber ft til. (6). 

Ihe sample analy/.ed by Kanamori 
ft III. (sample 10057) is a basalt, which 
contains numerous voids and microfrac- 
tures. It appears to be moderately 
shocked, presumably by the meteoroid 
impact that blasted it out of the lunar 
material and deposited the rock on the 
lunar surface. Ihe sample has a hulk 
density of 2.S8 g cm‘ and an intrinsic 
density of 3.38 g.'cnv. Ihe data given 
by .Schreiber ft al. were obtained Irom 
a fine-grained vesicular rock (sample 
1(X)17) which has a bulk density ol 
3.1 g cm'*. Both sets of experimental 
data show very low surface velocities 
and a rapid increase in velocity with 
depth in the upper 20 km of the moon 
to between 4.8 and 5.6 km/.sec for 
compressional waves. The low surface 
velocities result from the presence of 
open pores and mierofractures in the 
samples. The rapid increase in velocity 
with depth is produced by the closing 
of cracks and voids under pressure. 
Complete consolidation of rock mate- 
rial may not iKcur umler the low 
lunar gravity until depths of at least 
20 km have been reached. 

l.ow seismic velocities for the upper 
few meters of lunar material have been 
confirmed by measurement of seismic 
signals generated by the I.M and from 
Surveyor results. F-rom 1..M signals, a 
compressional velocity of 108 m.’sec 
for the top several meters of material 
has been reported (7). F'rom Surveyor 
data, a compressional velocity of 45 
m sec and a shear velocity of 23 m 'sec 
for the top few centimeters of material 
have been derived (H). 

The time-distance curves for seismic 
■ompressional and shear waves con- 
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Fig. 3. Frequency 
spectra of impact 
signals. The S-IVB 
signal spectra are 
corrected for in- 
strument response; 
the LM spectra 
are not corrected. 
Times (G.M.T.) 
for the beginning 
and ending of each 
sample are given 
on the spectral 
plots. 


strucled from the laboratory data are 
plotted in Fig. 5. The observed travel 
times of waves from the impacts are 
also indicated. .Seismic waves traveling 
downward in a medium in which the 
velocity increases with depth will be 
refracted according to Snell’s law, 
along curved ray paths that are con- 
cave upward, and they will eventually 
return to the surface at a time that 
increases with distance as indicated by 
the time-distance curve. Rays may re- 
flect from the surface one or more 
times before reaching the detector. 
The PP phase, for example, corre- 
sponds to a compressional wave that 
reflects once from the surface at a 
point midway between the source and 
the receiver (for a source at the sur- 
face), Thus the travel time for the 
PF phase is equal to twice that of the 
direct P wave, which would be re- 
corded at half the distance. The travel 
time of the PP phase from the S-IVB 
can, therefore, be plotted on the P 
wavs, curve at a distance of 67.5 km. 
In this connection, we note that the 
ground motion amplitude for the PP 
phase is approximately twice the ampli- 
tude of the P wave for the S-IVB im- 
pact. Thus, it is possible that the first 
arrival detected from the LM impact 
is PP and that the earlier P wave was 
too small to be detected. In Fig. 5 we 


have also plotted the LM first arrival 
on the alternate assumption that it is 
the PP phase. 

The velocity-depth curves derived 
from laboratory measurements are ap- 
plicable only if the outer 20 to 40 km 
of Oceanus Procellarum, which corre- 
sponds to the greatest depth of pene- 
tration of seismic waves from the im- 
pacts, consists of rock material similar 
to the crystalline rocks used in the 
measurements. The approximate agree- 
ment between the travel-time curves ob- 
served from the impacts and those 
computed from the laboratory measure- 
ments indicates that this similarity may 
exist. If so, no major boundary similar 
to the crust-mantle interface on earth, 
where an abrupt increase in velocity to 
about 8.1 km/sec occurs, is present in 
the Outer 20 km of the mate. 

The assumption of a model consist- 
ing of homogeneous rock under self- 
compaction leads to a travel-time curve 
with no sharp changes of slope. This 
simple model is consistent with the few 
travel-time data obtained so far, but 
future impact observations may neces- 
sitate its modification. It is clear that 
the material found at the surface of 
the mare is too dense to constitute the 
entire moon imless internal tempera- 
tures are high enough so that thermal 
expansion offsets the effects of com- 


pression (P), Alternately, the density 
of the material sampled in the mare 
may be anomalously high (70). 

Quality factor Q of lunar material. 
Attenuation of energy in a vibrating 
system is frequently specified by the 
quantity Q (quality factor) for the 
system; or 1/Q is the dissipation func- 
tion, Where 2tt/Q is the fractional loss 
of energy per cycle of vibration of the 
system. Thus, a high Q implies low 
attenuation. The 2 of a system can be 
determined by measuring the rate of 
decay of system energy with time. The 
value of 2 for the lunar material in 
the region of the Apollo 12 site, as 
measured by the rate of decay of the 
LM and S-IVB signal amplitudes. Is 
approximately 3000, This value is in 
contrast with values of 2 between 10 
and 300 for most materials .of the 
earth’s continental crust. 

The relatively high Q inferred for 
the lunar material may be a conse- 
quence of the nearly complete absence 
of fluids within the outer shell of the 
moon. Some experimental evidence 
that supports this possibility has been 
presented by Pandit and Tozer (7 7 ) . 
These authors state that evacuation of 
porous terrestrial rocks to pressures of 
10~* torr typically increases the Q of 
the sample by a factor of 5 over the 
value measured at T atmosphere. Low 
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temperatures in the mare material 
might also increase the Q. However, 
no substantive information on subsur- 
face lunar temperatures are available 
at present. 

Lunar seismic reverberation. To ex- 
plain the unexpectedly long duration 
of the impact signals, we must either 
assume that the effective source mech- 
anism was prolonged in some manner 
or that the long duration is a propaga- 
tion effect. However, the fact that sig- 
nals from events of internal origin 


(moonquakes) and events of external 
origin (impacts) both show the rever- 
beration is strong evidence for a pro- 
pagation effect. 

The possible propagation mecha- 
nisms fall into two general categories: 
true dispersion effects, where coherent 
waves propagate at differing group 
velocities dependent upon wavelength; 
or scattering effects, where the effec- 
tive path lengths are increased owing 
to numerous reflections from acoustic 
discontinuities. An explanation must 


take into account that a surface im- 
pact source is expected to generate 
most of its seismic energy in the form 
of surface waves. Normally, surface 
waves appear on earthquake or shallow 
explosion records as trains of sinusoidal 
waves dispersed by variation of velocity 
with wavelength due to a vertical gradi- 
ent of elastic properties in the wave 
guide. There are usually clear and con- 
sistent phase relations between the hori- 
zontal and vertical components of mo- 
tion. Consistent phase relations are 
lacking in the extended wave trains of 
the lunar impact signals, as was previ- 
ously described. 

Scattering hypothesis. The scattering 
hypothesis explains the character of the 
impact signals by postulating that the 
moon not only has a high Q but is also 
very heterogeneous, at least in the near- 
surface region of the mare. If the 
lunar medium contains inhomogeneities 
comparable in scale to the wavelength 
of the propagating seismic waves, sig- 
nificant scattering will occur. Scattering 
would tend to increase the duration 
of the observed seismic waves, would 
suppress the appearance of distinct 
phases within the wave train, and 
would reduce coherence between the 
horizontal and vertical components of 
surface motion. 

That the outer shell of the moon 
might be highly heterogeneous is not 
surprising in view of the extreme age 
of the surface. Meteoroid bombardment 
would certainly have shattered the orig- 
inal lunar material to depths approach- 
ing 50 km, and the terrestrial geologic 
processes that remove these scars would 
be absent. Also, the surface lava is 
reported to have a very low viscosity 
and a high thermal coefficient of expan- 
sion (12). A lava with these properties 
might form extensive networks of lava 
tubes within the flow and would frac- 
ture extensively after solidifying. Alter- 
nately, the heterogeneity might simply 
be characteristic of the structure pro- 
duced by the influx of blocks of mate- 
rial during the final stages of accumula- 
tion of the moon. 

If scattering is sufficiently intense, 
the propagation of seismic waves might 
properly be described by diffusion the- 
ory, in which seismic energy “flow” is 
proportional to the gradient of energy 
density. With proper selection of pa- 
rameters, the envelopes of the impact 
reverberations can be fit quite accurate- 
ly by diffusion theory except for the first 
few minutes, when scattering would not 
be expected to be the predominant 
mechanism (13), If scattering is an im- 
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Fig. 4. Initial portions of impact signals on an expanded time scale. (Top) S-IVB sig- 
nal with high-pass filtering (High) io emphasize the F wave, and low-pass filtering 
(Low) to emphasize the FF and 5 waves (filter corners are at 5 seconds). (Bottom) 
LM impact signal showing F (or FF) and 5 phases. For the S-IVB signal, X and Y 
are horizontal component seismometers, and Z is the vertical component. The X and 
F components are approximately transverse and radial, respectively, for the S-IVB 
impact. For the £M signal, R and 3' are the radial and transverse (horizontal) com- 
ponents and Z is the vertical component. The S-TVB FF phase is also plotted on the F 
travel-time curve at half the distance and half the travel time. The LM F phase is also 
plotted in this manner under the as.sumption that it may actually he a FF arrival (see 
text), Time on the records is the time at which the data are recorded at the receiving 
station on earth. 
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portant factor iix lunar seismic wave 
transmission, heterogeneity must exist 
within the lunar material on a scale of 
from several hundred meters, or less, to 
several kilometers. An alternate ap- 
proach to the scattering problem has 
been given by Steg and Klemens {14), 

Dispersion hypothesis. At least two 
seismic wave guides are likely to occur 
in the outer shell of the moon. One is 
the unconsolidated surface debris layer 
('he lunar regolith) which, together 
with a shattered crystalline layer, forms 
a low-velocity zone overlying the more 
competent, higher-velocity basement 
rocks. A deeper wave guide is formed 
by the velocity gradient in the base- 
ment rock, which is inferred from 
the pressure coetiicient of velocity mea- 
sured in the laboratory on lunar crystal- 
line rocks. 

Both of these wave guides would 
“trap” surface waves (Love waves and 
Rayleigh Waves), but important distinc- 
tions between their effects are to be 
expected. The very high modes of the 
basement wave guide can be thought of 
as multiply reflected body waves anal- 
ogous to the Sofar channel in the 
oceans or as a “whispering gallery” 
phenomenon. Neither low nor high 
modes of surface waves in the base- 
ment channel can account for the pro- 
longed reverberation without invoking 
scattering, because the difference be- 
tween the maximum and minimum 
group velocities is small for the fre- 
quencies of interest. The situation is 
different for the surface low-velocity 
zone, where the dispersion curves (Fig. 
6) for Rayleigh waves of the funda- 
mental mode show a maximum group 
velocity of 1660 ni/sec and a minimum 
group velocity of 30 m/sec for the pe- 
riod range of from 1.2 to 1.5 seconds. 
For this model, surface waves with pre- 
dominant periods of from 1.2 to 1.5 
seconds and a duration of 74 minutes 
for the S-IVB source distance of 135 
km would be expected. The predomi- 
nant period varies directly with the 
thickness of the low- velocity surface 
layer, and inversely with the shear 
velocity. The observed signal for the 
S-IVB impact shows a lower frequency 
than does the LM impact, which im- 
plies a thicker surface layer (or lower 
shear velocity) for the S-IVB wave 
path, or excitation of a higher mode 
by the LM impact. Tire signal duration 
predicted by this model is satisfactory 
for the LM but requires somo rnulti- 
pathing for the S-IYB impact. Multi- 
path propagation or a mixture of modes 
is also required to explain the lack of 



Fig. 5 (left). Travel times of seismic waves from the lunar impact signals. Solid curves 
are derived from laboratory measurements of seismic velocities on returned lunar sam- 
ples. P{S) = compressional wave velocities measured for a lunar rock sample by Schrei- 
ber et al. ((5); P{K), S{K) = compressional and shear wave velocities measured for a 
lunar rock sample by Kanamori et al. (5). Fig. 6 (right). Phase (C) and group veloc- 
ity {U) curves for Rayleigh waves of the fundamental mode. The model consists of a 
30-m low-velocity layer with shear velocity of 0.1 km/sec, which overlies basement 
material with shear velocity of 1,8 km/sec. 

correlation between the three compo- lateral variations in the shear velocity 
nents of ground motion. or thickness of the surficial layer. 

The closest terrestrial analog to the Efflciencies of impacts as seismic 

lunar impact signals discovered thus sources. The calculation of seismic 

far are surface waves (first-shear-mode energy coupled into the lunar structure 
Rayleigh waves) recorded on the ocean by the impacts' is dependent on whether 
bottom from shallow focus earthquakes we assume scatterijig or dispersion to 
originating in the Mid-Atlantic Ridge be the predominant mechanism that 
(75), These signals show a gradual explains the seismic reverberations. Cal- 
buildup and decay, very long duration culated seismic energies based on both 
with nearly constant period, and in- hypotheses are given in Table 3, For 
ferred Q values from 1500 to 2000 for these calculations, we have assumed 
the oceanic wave guide. The signals are a density of lunar material of 3.3 
observed only when significant amounts g/cm^; Q of 3000; constant signal fre- 
of unconsolidated sediments are pres- quencies of 1 and 0,5 hz for the LM 
ent along the path between the source and S-IVB, respectively; and cylindrical 
and the receiver. If we ignore the water spreading of energy with thicknesses of 
layer, the oceanic structure may be layers through which the waves are 
quite similar to the lunar structure, with transmitted of 2 and 4 km for the LM 
the sediment layer being equivalent to and S-IVB signals, re.spectively, 
the low-velocity outer zone of the moon. The efficiency of the S-IVB impact 
The presence of a thick permafrost is 4 to 12 times greater than that of 
zone overlain by 100 to 200 m of low- LM impact (see Table 3). This differ- 
velocity material, as suggested by Shu- ence was anticipated, since the LM 
bert et al. {16), might also provide struck the surface at a very shallow 
a model consistent with this interpre- angle and would thus have transferred 
tation. a small fraction of its momentum to 

The terrestrial oceanic signals clear- the surface at the primary impact point, 
ly demonstrate that the major features whereas the S-IVB struck the surface 
of the lunar seismic reverberation can at a much steeper angle and would 
be explained by dispersion in a high 2 have transferred essentially all of its 
wave guide that contains material of momentum at the primar)' impact point, 
low shear velocity. If the lunar signals Conversion efficiencies of between 

are higher-mode Rayleigh waves, this 1 ■ 10“® and 5- 10"-'’ were obtained 
would also explain the absence of for missile impacts at While Sands, 
low-frequeiicy energy in these signals. New Mexico (5), McGarr et al. {17) 
since higher modes cannot propagate obtained efficiencies of between 8 ’ 10“'^ 
at frequencies below a fixed cutoff fre- and 6 * 10~® for various target mate- 
qucncy. The observed differences in the rials for hypervelocity impacts. Thus, 
reverberation frequencies of the natural the efficiency of the S-IVB impact for 
events would be explained by the dis- production of seismic energy is in ap- 
persion hypothesis as resulting from proximate agreement with efliciencies 
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obtained for impact experiments on 
earth. 

Conclusions'. We summarize below 
in four major conclusions: 

1 ) Body wave velocities measured 
from the LM and S-IVB impacts are 
in reasonably close agreement with the 
velocities predicted from laboratory 
measurements on lunar rock samples. 
This result implies that the rock mate- 
rial collected at the surface of the 
mare near the Apollo 12 landing site is 
similar to the material that forms the 
mare to depths of at least 20 km. 

Present data for the mare region 
near the Apollo 12 landing site suggest 
that the outer shell of the moon con- 
sists of low-velocity material near the 
surface, with velocity increasing rapidly 
with depth in the upper 20 km. It is un- 
likely that a major discontinuity similar 
to the Mohorovicic discontinuity, which 
defines the lower limit of the crust 
of the earth, exists in the outer 20 
km of the moon. 

The fact that NASA was able to 
achieve such high targeting accuracy 
for the S-IVB and that the resulting 
seismic signals were so large suggests 
that planned future impacts can be 
extended to ranges up to at least 500 
km and that the data returned will pro- 
vide information on lunar structure to 
depths of several hundred kilometers. 

2) The lunar seismic reverberation 
can be explained equally well as re- 
sulting from dispersion of surface waves 
or from scattering or, perhaps more 
likely, from a combination of these 
mechanisms. Scattering of surface 
waves implies the presence of hetero- 
geneity in the outer shell of the moon 
on a scale from several hundred meters, 
or less, to severer kilometers. Surface 
irregularities may contribute significant- 
ly to the scattering. The dispersion 
hypothesis requires the presence of a 


low-velocity outer zone. The presence 
of this zone to depths of several meters 
has been confirmed by measurements 
of seismic waves from sources a,sso- 
ciated with the LM and from Surveyor 
measurements. Very low absorption of 
seismic wave energy in the lunar ma- 
terial is inferred, independent of the 
assumed mode of propagation. This 
may be a consequence of the absence 
of fluids in the near-surface materials 
or low temperature or a combination 
of these factors. 

3) Estimates of the fraction of im- 
pact kinetic energy that is converted 
to seismic wave energy are reasonably 
close to results obtained from impact 
experiments on earth. 

4) Seismic signals of natural origin 
are produced by moonquakes and by 
meteoroid impacts. The low level of 
detectable lunar seismic activity rela- 
tive to the earth suggests that the outer 
shell of the moon is tectonically stable 
as compared with the lithosphere of 
the earth. Tidal stresses appear to be 
an important factor in the occurrence 
of moonquakes. Meteoroid flux in the 
kilogram mass range, as it has been 
inferred from seismic data, is in ap- 
proximate agreement with the Hawkins 
flux estimate (2). 
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7. Active Seismic Experiment 

Robert L. Kovach, Joel S. Watkins," and T otn Landers ‘ 


The purpose of the active seismic experiment 
(ASE) is to generate and monitor seismic waves 
in the lunar near surface and to use these data to 
study the internal structure of the Moon to a depth 
of approximately 460 m (1500 ft). Two seismic 
energy sources are used: an astronaut-activated 
thumper device containing 21 small explosive ini- 
tiators and a mortar package containing four high- 
explosive grenades. The grenades are rocket 
launched by command from Earth and are de- 
signed to impact at ranges of about 150, 300, 


900, and 1500 m (about 500, 1000, 3000, and 
5000 ft). A secondary objective of the experiment 
is to monitor high-frequency seismic activity 
during periodic listening modes. 

Analysis to date of the seismic signals generated 
by the astronaut-activated thumper has revealed 
important information concerning the near-surface 
structure of the Moon. Two compressional wave 
(P-wave) seismic velocities were measured at the 
Fra Mauro site. The near-surface material 
possesses a seismic-wave velocity of 104 ra/sec 
(340 ft/sec). Underlying this sui'ficial layer at a 
depth of 8.5 m (28 ft), the lunar material has a 
velocity of 299 m/sec (980 ft/sec). The meas- 
ured thickness of the upper unconsolidated debris 


“ Stanford University. 

“ University of North Carolina, 
t Principal investigator. 
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Figure 7-1- — Seismic cross section at Fra Mauro landing site. (Fp ?= seismic-wave velocity.) 
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layer is in gcxnl agreement with geological esti- 
mates of the thickness of the regolith at this site. 

By combining the seismic-refraction results 
from the ASE with the lunar module (EM) ascent 
seismic data recorded by the Apx)llo 14 passive 
seismic experiment (PSE), estimates of the thick- 
ness of the underlying material can be made (fig. 
7-1). These estimates range from 38 to 76 m 
(124 to 250 ft) and may be indicative of the 
thickness of the Fra Mauro Formation at this par- 
ticular site. More definitive conclusions must await 
the seismic results from the four grenade firings. 

Interesting signals, similar to some events re- 
corded by the PSE, have also been recorded during 
the intermittent passive listening periods of the 
ASE. Analysis of these signals together with 
similar data from the PSE may shed light on the 
origin of these signals. 

Instrument Description and Performance 

The .ASE consists of a thumper and geophones, 
a mortar package assembly, electronics within 
the Apollo lunar-surface experiments package 
(ALSEP) central station, and interconnecting 
cabling. The components of the .ASE are shown 
schematically in figure 7-2. 

The astronaut-activated thumper is a short staff 
(fig. 7-3) used to detonate small explosive 
charges — single bridgeware Apollo standard ini- 
tiators. Twenty-one initiators are mounted per- 

Iransmilter Initiator- 

antenna Grenade selector 



FiGL'Rt 7-2. — Schematic diagram of the ASE. 


, Geophone 
; llaq 



.Initiator- 

selector 

switch 


Arm-fire 

switch 


Eiguri 7-3.- - Schematic diagram of the thumper in the 
folded and extended pocilions. 


pendictilar to the base plate at the lower end of 
the staff. A pressure switch in the base plate de- 
tects the instant of initiation. An arm-fire switch 
and an initiator-selector switch arc located at the 
upper end of the staff. .A cable connects the 
thumper to the central station to transmit real-time 
event data. The thumper also stores the three geo- 
phones and connecting cables until deployment on 
the lunar surface. In figure 7-4, the lunar module 
pilot (L.MP) is shown beginning to unwind the 



Eiguri 7-4. — Enlargement of 16-mrn sequence camera 
photograph showing the t .Ml* with hand-held thumper 
(S-71-19509). 
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geophone line from the thumper on the Moon 
just before activation of the ASE at 17:59 G.m.t. 
on February 6, 1971. 

The three identical geophones are miniature 
seismometers of the moving coil-magnet type. The 
coil is the inertial mass suspended by springs in 
the magnetic field. Above the natural resonant 
frequency of the geophones (7.5 Hz), the output 
is proportional to ground velocity. The geophones 
are deployed at 3-, 49-, and 94-m (10-, 160-, and 
310-ft) intervals in a linear array from the central 
station and connected to it by cables. 

A three-channel amplifier and log compressor 
condition the geophone signals before conversion 
into a digital format for telemetering to Earth. The 
low signal-to-noise ratios expected and the lack of 
knowledge as to the character of th.e expected 
waveforms made it desirable to widen the fre- 
quency response as much as possible within the 
constraints of the digital sampling frequency of 
500 Hz. Because signal levels were expected to be 
distributed throughout the system dynamic range, 
a logarithmic compression scheme was selected to 
give signal resolution as some constant fraction of 



Figure 7-5. — ^Frequency response of the ASE, 


signal amplitude. The system deployed on the 
Moon has the properties listed in table 7-1, and 


Table 7-1. Apollo 14 ASE Characteristics 




Channel no. 


Component characteristics 

1 

2 

3 ■ 

Geophones: 




Generator constant, V/m/sec 

250.4 

243.3 

241.9 

Frequency, Hz ................ 

7.32 

6065 

7.22 

6157 


Resistance, ohm 

6182 

Amplifiers: 




Noise level, ><,V rms at input 

0.300 

0.325 

0.272 

Dynamic range, rms signal to rms noise in dB 

86.8 

86.5 

87.5 

Gain (at 10 Hz and = 0.005 Y rms) 

666.7 

666.7 

675.7 

Log compressor (compression accuracy for temperature range 15° to 50° C): 




Positive signal error, percent ............ ... 

3.79 

4.71 

2.00 

Negative signal error, percent A,, ... 

2,07 

1.32 

3.33 

System: 

Signal-to-noise ratio (rms signal to rms noise in dB for a 1-nm peak-to-peak 






33.1 

32.9 

Calibrator accuracy: 


Generator constant, percent error . . 

4.21 

9.70 

6.40 

Natural frequency, percent error .... ..... i 

3.28 

4.99 

8.58 
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Table 7-II. Apollo 14 ASE Grenade Parameters 


Parameter 

Grenade no. 

I 

2 

3 

4 

Range, m 

1 500 

900 

300 

150 

Mass, g. 

1 236 

1 020 

810 

719 

High-explosive-chatge mass, g 

454 

272 

136 

45.4 

Rocket-motor mean peak thrust, N 

20 460 

1 1 450 

7005 

5337 

Mean velocity, m/sec 

49 

40 

23 

16 

Lunar flight time, sec. 

44 

32 

19 

13 

Rocket-motor-propeilant mass, g 

47 

31 

16.8 

11.5 

Quantity of propeiiant peiiets, number. .... 

2 435 

1 596 

648 

550 

Launch angle, deg. 

45 

45 

45 

45 

Rocket-motor thrust duration, msec. . . . . . . 

7.0 

8.2 

12.5 

12.5 


the nominal frequency response shown in figure range line is attached to the transmitter to serve 
7-5. as a half-wave end-feed antenna. 

The mortar assembly comprises a mortar box, In operation, an arm command from ground 
a grenade-launch-tube assembly, and intercon- control applies a pulse to charge condensers in the 

necting cables. To provide an optimum launch mortar box and grenade; a fire command dis- 

angle for the grenades, the mortar package is de- charges the condenser througli an initiator, which 

ployed at an angle approximately 45° to the lunar ignites the rocket motor. When the grenade leaves 

surface. A two-axis inclinometer provides pitch- the tube, a spring-ejected safe slide is removed, 

and roll-angle Cdeviation from the vertical) in- activating a microswitch in the grenade, 

formation on the mortar package. The rnortar box a thermal battery and the electronics; in the ' 
is a rectangular fiber-glass-and-magnesium con- grenade make up the firing circuit. The micro- 
struction in which is mounted the grenade-launch- discharges a condenser across a thermal 

tube assembly containing, four grenades. ^^tch to- activate the thermal battery, which in 

Each grenade is attached to a range line, which turn powers the transmitter and produces a capaci- 

is a thin-stranded cable wound around the outside tor charge for the detonator. At impact, an onlni- 

of the launch tube. Two fine copper wires are directional impact switch closes, discharging the 

looped around each range line. The first loop is capacitor into the detonator to ignite the explo- 

spaced so that it will break when the grenade is sive. The explosion tenninates radio frequency 

approximately 0,4 m (16 in.) from the launch transmission as an indication of detonation time, 

tube. A second loop is spaced to break when the The critical parameters measured are the detona- 

range line has deployed an additional 8 m (25 ft) tion time, time of flight, initial velocity, and launch 

from the first breakwire. Breaking the loops starts angle. Because of the ballistic trajectory followed 

and stops a range-gate pulse to establish a time by the grenades in the lunar vacuum, the neces- 

intcrval for the determination of the initial grenade sary data are available to determine grenade 

velocity. range. The planned mortar mode of . Operation for 

The four grenades are similar but differ in the 

amount'of propellant and high explosive (table Because some of the geophone parameters 
7-II). Each grenade possesses a square cross sec- might drift on the lunar surface, a calibrator cir- 

tion with a thin fiber-glass casing. The casing cuit is provided in the system to measure these 

contains the rocket motor, safe slide plate, high- parameters to Within 10 percent of the preflight 

explosive charge, ignition and detonation devices, values. The damping resistance across the geo- 

thernial battery, and a 30-MHz transmitter. The phone is altered to underdamp the geophone, and 
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Grenade 



current is introduced into the geophone coil to 
react with the magnetic field of the geophone, 
producing a force on the geophone coil. This 
force moves the coil and, with an underdamped 
geophone, the signal from the geophone is a 
logarithmically decaying sinusoidal signal. A typi- 
cal calibration pulse recorded on the three geo- 
phones on February 12 is shown in figure 7-7. 
Analysis of similar calibration pulses transmitted 
between thumper operations on the Moon demon- 



FigurE 7-7. — Calibration pulse recorded on February 12 


during passive listening mode. 


strated close agreement of the natural frequency 
and generator constant of the geophones with 
measured prefiight values, 

The ASE system is controlled from Earth by a 
number of commands that control such functions 
as switching to the high-bit data rate and firing 
the grenades from the mortar box assembly. 
Further technical details of the ASE, particularly 
of the electronics, can be found in reference 7-1. 

Thermal Control 

The ASE electronics are part of the ALSEP 
central station and do not require separate thermal 
control. The ASE mortar package assembly was 
designed to be maintained between — 60° and 
85° C. Thermal control of the mortar package 
assembly is accomplished with multilayer alumi- 
nized Mylar insulation used in conjunction with 
small heaters. Heater operation begins auto- 
matically at a temperature of about —17° C when 
the ASE is in the standby mode of operation. Four 
temperatures are monitored in this mode: central- 
electronics temperature, grenade-launch-tube- 
assembly temperature, mortar-package tempera- 
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mortar package. I hc mortar package is positioned 
to fire the four grenades in a northerly directirm 
in alinement with the geoplione line. 1 he mortar 
package assembly is shown in figure 7 8 as de- 
ployed on the lunar surface. A view looking dtiwn- 
range from the mortar package is shown in figure 
7-9. I he geoplione line appears in the right fore- 
ground. 

For convenience, the geoplione closest to the 
AI.SFP is designated “geoplione 1” and the most 
distant is designated “geoplione 3.” No difficulty 
was experienced in implanting the geophones and 
mainfaiiiing them vertically in the lunar soil. Be- 
fore beginning thumper operations at geoplione 3, 
it was noted that 'he alinement flag at geophonc 
2 had fallen over. Because of time constraints, 
thumper operations were begun at geoplione 3 
before returning to check the flag and geophone 
at the middle position. 

Thumper operations were begun at 18:09 
fi.m.t. and continued until 18:37 (i.ni.t. Ihumper 
firings were begun with shot 1 at geophone 3 and 
continued at 4.6-ni (15-ft) intervals along the 
geophone line to shot 21 ai geoplione 1. In figure 
7-10, the I. .Ml’ is shown firing the thumper along 
the geoplione line on the lunar surface. The 
thumper failed to fire after several attempts at 


f iiii Ki 7 ‘1 I’holopraph looking ilownr.inpe Irom mor- 
tar asscmhlv on lunar surface. l.ieophonf line ii de- 
ployed in right foreground (.-\S14 67 9^77). 


i ii.i HI 7-10. Ihe 1 Ml’ firing ihumper along geophonc 
line on Ihe lunar surface (ASM 67-9374J. 


lure, and temperature of the geophone closest to 
the ALSLI’. 

Deployment 

At the .Apollo 14 site, the three geophones are 
alined in a southerly direction from the AI.SIII’ 
central station (fig. 3-1 in sec. 3). No dilliculty 
was experienced in deploying and arming the 


l iGt HI 7- H. Mon.ir assembly deployed on Ihe lunar 
surface (ASM 67 9.361). 
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several initiator positions, and several firing posi- 
tions were skipped to gain extravehicular activity 
(EVA) time. Successful thumper shots were re- 
corded at positions 1 (located at geophone 3) ; 2, 
3, 4, 7, 11 (located at geophone 2 ) ; 12, 13, 17, 
18, 19, 20, and 21 (located at geophone 1). 

Upon reaching position 11, at the middle geo- 
phone, the LMP observed that this geophone had 
pulled out of the ground, apparently because of 
the effects of set or elastic memory in the cable. 
After repositioning the geophone, he resumed 
thumping operations. Even though geophone 2 
was resting on its side during the first five thumper 
firings, usable seismic data were recorded. The net 
result of tipping a vertical-component geophone 
ofi vertical is to translate the mass and effectively 
increase the natural frequency. Analysis of the 
calibration pulse sent before beginning thumping 
operations showed that the effective natural fre- 
quency of geophone 2 had increased from 7.5 to 
13.4 Hz. The total time spent on thumping opera- 
tions was 28 min, within allowable EVA con- 
straints, and valuable lunar seismic data were 
obtained. 

Several thumper shots were attempted while 
the commander was moving on the lunar surface 
near the ALSEP central station. Unfortunately, 
his movements generated seismic energy that was 
recorded by the highly sensitive geophones. As a 
result, his movements had to be restricted during 
the remaining thumper operations. However, it 
still may be possible to conduct thumper opera- 
tions on the Moon and allow the second astronaut 
to move about, provided he is sufficiently far re- 
moved from the central station and geophone line. 

Description of Recorded Seismic Signals 
Thumper Mode 

During thumper operations on the lunar sur- 
face, the LMP was instructed to stand still for 
20 sec before and 5 sec after each firing. There- 
fore, 5 sec of seismic data were recorded for each 
thumper firing. The seismic data recorded for 
thumper shots 18 and 20 are shown in figure 7-1 1, 
Characteristically, the seismic signals produced by 
thumper firings within 9 m (30 ft) uf a geophone 


have extremely impulsive beginnings and satu- 
rate the dynamic range of the amplifier for about 
0.5 sec. The predominant frequency of these 
signals range from 27 to 29 Hz. 

As the distance between the thumper firings and 
the geophones is increased, the seismic signals 
possess more emergent beginnings. In figure 7-12, 
a record section is alined in time to the same in- 
stant of firing for thumper shots 18 to 21 as 
recorded at geophone 2. The wave trains build up 
to a maximum amplitude within the first 0.25 to 
0.5 sec from onset of signal and then gradually 
decrease in amplitude. This effect can best be seen 
in figure 7— 11 by comparing the seismic signals 
recorded at 14, 32, and 41 m (45, 105, and 135 
ft). Little difficulty exists m picking the onset of 
the seismic signals out to a distance of 46 m (150 
ft); but, at greater distances, uncertainty arises 
in determining the beginning of the seismic wave 
arrival because the signals are much weaker. The 
peak amplitude of the recorded signals typically 
decreases by a factor of approximately 60 in 61 m. 
More refined data-analysis techniques applied to 
the recorded seismic signals from the thumper 
mode of operation are underway. 

Passive Listening Mode 

The ASE is also capable of operating in a pas- 
sive listening mode and is commanded into this 
high-bit-rate mode for a 30-min period each week. 
Several interesting signals have been recorded in 
this mode of operation. Two of these events, re- 
corded on February 19, are shown in figure 7-13, 
The signals have the largest amplitude on a single 
geophone, although the signal is definitely dis- 
cernible above the ambient noise level, but greatly 
reduced in amplitude on the other geophone 
channels. 

The Signal recorded on geophone 1 beginning 
at about 15;29;41 G.m.t. has a predominant fre- 
quency of approximately 36 Hz, whereas the 
signal recorded by geophone 2 at approximately 
15:38:46 G,m.t. has a frequency of approximately 
47 Hz. Both of these signals have impulsive be- 
ginnings and relatively short durations of 6 to 
10 sec. Maximum amplitudes occur at the begin- 
ning of the wave train. 
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Figure 7-12.— Seismic signals produced by thumper firings 18 to 21 as recorded at geophone 
2. The traces are alined to the same relative instant of the firing of the thumper. The small 
arrows point to the onset of the seismic signal. 

One caa note a gross similarity to the seismic thumper-generated signals. These events are also 

signals produced by thumper firings close to a strikingly similar to the type X events (impulsive 

geophone, although the amplitude of these signals beginiiings and relatively short durations— 

is approximately 100 to 200 times smaller than the normally less than 10 sec) recorded during the 
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Begins at 15:38:45.452 G.m.t 


Figure 7-13. — Signals recorded during the passive listening mode on February 19: all plots 
clipped at 0.01 V. 


Apollo 11 mission (ref. 7-2) that were speculated 
to be produced by direct micrometeoroid impacts 
on the PSE. Continuing work is being directed 
toward detailed analysis of these events. 


Discussion 

A preliminary interpretation of the traveltime/ 
distance data (fig. 7-14) obtained from the 
thumper firings is rewardingly consistent in that 



Geophone 1 


Geophone 2 


Geophone 3 


Figure 7-14. — Seismic arrivals from the thumper firings ploUed on a traveltimc/disiance 
graph. The data points are shown as black circles; the first number refers to the thumper 
firing, the second number to the geophone on Which the data were recorded. Reverse tie 
points are indicated as RTP; distance between thumper shot locations is 4.6 m. 
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very good agreement exists in reverse tie points 
(RTP); that is, the principle of seismic reciprocity 
states that traveltimes must be identical when the 
positions of a geophone and a shot (thumper fir- 
ing) are interchanged. For example, the travel- 
time for thumper shot 21 to geophone 2 and 
thumper shot 1 1 to geophone 1 should be identical. 
The near identity of reverse tie points 21-2 and 
ll-l and of 11-3 and 1-2 lends strength to the 
data interpretation. Agreement between reverse 
tie points 1-1 and 21-3 is somewhat poorer, but 
it should be remembered that the more distant 
thumper firings produced much weaker seismic 
signals for which it is difficult to determine un- 
ambiguously an initial onset. An example of travel- 
times that cannot be precisely determined is 18-3, 
and the range of possible traveltimes is shown 
by the line. 

Two P-wave velocities are evident in the travel- 
time data. A direct arrival is observed with a 
P-wave velocity of 104 m/sec together with a 
faster arrival possessing a velocity of 295- x.i/sec. 
No apparent variation exists in P-wave velocities 
across the section sampled as is evidenced by the 


conformance of seismic velocities measured along 
the geophone line. 

The depth to the 299-m/sec refracting horizon 
is 8.5 m. It is proposed that this thin upper layer 
possessing a seismic velocity of 104 m/sec rep- 
resents the fragmental veneer of unconsolidated 
particulate debris — the lunar regolith that covers 
the surface at the Fra Mauro site. If the discon- 
tinuity between the 104-m/sec and the 299-m/sec 
material is accepted as the base of the regolith, 
the thickness of the regolith is very similar to that 
estimated soiely on geological evidence. By photo- 
graphic studies of the depth at which blocky 
floors appear 'in fresh craters, it has been inferred 
that the fragmental, surficial layer that overlies 
the more consolidated or semiconsolidated sub- 
strate at the Fra Mauro site ranges in thickness 
from 5 to 12 m (ref. 7-3). 

From measurement of the elapsed time between 
engine ignition and signal arrival at the Apollo 12 
PSE for the reaction control system test firings 
and for the LM ascent, the compressional velocity 
of the lunar-surface material at the Apollo 12 site 
was determined to be approximately 108 m/sec 



EroORE 7-15.— First and second arrivals from the LM ascent as recorded by the PSE compared 
to the extrapolated traveltime/distance data derived from the thumper firings. 
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(ref. 7-4). This value is in exceedingly close agree- 
ment with that measured for the surface material 
at the Apollo 14 Fra Mauro site and is also con- 
sistent with estimates derived on the basis of 
mechanical properties measured by Surveyor (ref. 
7-5). Therefore, it can be argued that the frag- 
mental and comminuted layer that covers much of 
the lunar surface, although locally variable in 
thickness, possesses remarkably similar seismic or 
acoustic properties. 

One other piece of evidence lends support to 
this hypothesis. Seismic signals were also gener- 
ated by the LM ascent and recorded by the Apollo 
14 PSE at a distance of 178 m (584 ft). These data 
are shown in figure 7—15 compared with the 
extrapolated traveltime/distance curves derived 
from the thumper firings of the ASE, The observed 
traveltime for the second arrival is nearly identical 
to that predicted for a direct seismic wave prop- 
agating with a velocity of 104 m/sec, A first 
arrival is observed with a traveltime somewhat 
faster than that predicted by a refraction from the 
top of the 299-m/sec horizon, suggesting that a 
material with a faster intrinsic compressional-wave 
velocity lies beneath the 299-m/sec material. 

If the assumption is made that this underlying 
material possesses an infinite compressional-wave 
velocity V and that the traveltime curve behaves 
in the manner shown in figure 7-15, a maximum 
estimate to the thickness of the 299-m/sec material 
can be derived. Similarly, if only a modest in- 
crease in seismic velocity, such as to 610 m/sec 
(2000 ft/sec), in the underlying material is pro- 
posed, then a minimum estimate is obtained. 
These assumptions lead to a minimum thickness 
estimate of 38 m and a maximum thickness esti- 
mate of 76 m. 

At this writing, it is somewhat premature to 
speculate what the 299-m/sec material represents 
other than to comment that this velocity is similar 
to that measured ip- situ in blocky basalt flows 
near Flagstafl;, AriZ., . or in blocky pumice deposits 
such as found at the Southern Coulee of the Mono 
Craters, California (ref. 7-6). Plowever, no in- 
ference to a specific rock type should be made 
because a wide range of velocities is often deter- 
mined for similar rocks, and similar velocities 
are often measured for widely different rock types. 


Nevertheness, it is interesting to point out that 
the thickness estimate of 38 m to 76 m for this 
material is not in disagreement with the postu- 
lated thickness of 100 m or so for the Fra Mauro 
Formation (ref. 7-3). 

Xhe relatively low compressional wave velocities 
that were measured by the ASE argue against the 
presence of substantial amounts of permafrost in 
the lunar near surface at this particular site. 
Measured velocities in permafrost vary greatly- 
depending on such factors as lithology, porosity, 
and degree of interstitial freezing — but typically 
range from 2438 to 4572 m/sec (8000 to 15 000 
ft/sec) (ref. 7-7). 

It has also been proposed (ref. 7-8) that the 
unconsolidated surface debris, layer (the lunar 
regolith) together with a shattered crystalline layer 
forms a surface low-velocity zone to “trap” seismic 
surface waves effectively; this proposal helps to 
explain the prolonged reverberations recorded by 
the Apollo 12 PSE after the impact of the Apollo 
12 LM and the Apollo 13 SIVB. However, the 
assumed working model consisted of a 30-m-thick, 
surface, low-velocity layer overlying crystalline 
material that has an intrinsic seismic velocity some 
20 times greater than that of tlie surface-debris 
layer. To date, the results of the ASE argue against 
this hypothesis on a moonwide basis. Further de- 
tails concerning the deeper structure of the lunar 
near surface of the Fra Mauro site must await the 
results from, the ASE grenade firings. 
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Apollo 14 Active Seisiiiic Kxperimeiil 

Abstract. Explosion seismu rclruilion data indii ale ihtii llu’ lunar near-stii lace 
rtx'k.s at the Apollr 14 sue roiisist ol a rei^olilh K.5 meters tliiek and rharat lerized 
hy a eumpressional n in e lelin ily of 104 meierx ptr \etord. I he renoliih is 
underlain hy n layer with a i amprewional nave veloeiiy ol JV9 ineiers per second 
The thickness ol this layer, which we interpret to he the ha \laioo I onnation. 
is hetween 16 and 76 meters. I he layer immediately henealh this has a veloiils 
greater than 370 meters per sei ond. H t’ luund no evidence ol permalrost. 


A seismic refraction experiment was 
carried out during the Apollo 14 mis- 
sion with the purpose of determining 
the near-surface properties of the moon 
to a depth of approximately 4b0 m 
(15(K) feet). This experiment, called the 
Active Seismic lixperiment (ASK), dif- 
fers from the Passive Seismic Experi- 
ment in that it utilizes explosive sources 
and an array ol geophones. I he experi- 
ment also operates in a passive mode 
during intermittent listening periods. 

I svo seismic energy sources are used, 
a thumper device activated hy the astro- 
nauts and a mortar package containing 
four high-explosive grenades. The gre- 
nades are launched by rocket by com- 
mand trom the earth and are designed 
to impact at ranges up to 1524 m (50(X) 
feet). 

Apollo 14 astronauts detonated 13 of 
21 explosive initiators and deployed the 
mortar package during the mission. Be- 
cause of possible hazards to other ex- 
periments in the vicinity, the four gre- 
nades will be launched later, when the 
collection of essential data in other 
experiments is complete. The instru- 
mentation for the experiment has been 
described elsewhere (/). 

Typical seismic data recorded from 
thumper shots are shown in Kig. 1. 
The ASF operates in a passive listening 
mode for a 30-minute period e.ach 
week. (Since the ASH data stream pre- 
empts all other experimental data, the 
experiment cannot be left on continu- 
ously.) Data for two events, recorded in 


the passive mode on 19 f'ebruary 1971. 
are shown in Fig. 2. The signal ampli- 
tude is largest at a single geophone. The 
signal is discernible above the ambient 
noise level but gre.itly reduced in am- 
plitude on the other geophone channels. 

I he signals recorded in tne passive 
mode are similar to those produced by 
thumper firings close to a geophoiie but 
l(K) to 200 times smaller in amplitude. 
Fhey are also strikingly similar to the 
signals for typc-\ events (impulsive be- 
ginnings and relatively short durations, 
normally less than 10 seconds) recorded 
during the .Apollo II mission (2). I he 
latter may have been pnvduced by di- 
rect micrometeoroid impacts on the 
Passive Seismic FAperiment (PSH). 

Figure 3 is a section of a composite 
record of all the thumper data recorded 
by geophone 2. This figure shows the 
change in wave form and shift in ar- 
rival time of wavelets as a function of 
the distance from source to receiver. 

I'vvo P-wave (compressional wave) 
veUKiiies are represented in the travel- 
time data. 104 m.'sec lor a direct ar- 
rival and 299 m sec fi-r a faster arrival. 
The layers of material characterized by 
these velocities are designated A (104 
m sec) and B (299 m sec). No varia- 
tion appears in P-wave velocities across 
the section sampled. 

.Seismic signals were also generated 
by the ascent of the lunar module and 
recorded by the .Apollo 14 PSF at a 
distance of 17S m (5S4 feet). I he travel 
time for the second arrival is nearly 


identical to that predicted lor a direct 
seismic wave propagating with a veloc- 
ity of 104 m sec. .A first arrival has a 
travel time somewhat faster than that 
predicted from a refraction from the 
lop ol the horizon I layer B). w hich sug- 
gests that a material with a faster in- 
trinsic compression i| wave vcliK'ily lies 
beneath layer B. 

If the assumption is made that this 
underlying material possesses an infinite 
compressional wave velocity, a maxi- 
mum estimate ol the thickness of layer 
B can be derived. Similarly, if it is 
.-.v.umed that the critical distance for 
the arrival ol the head wave traveling 
through the underlying material is 100 
m (that is, at the end of the geophone 
line), a mininnini velix'ily of 370 m sec 
IS obtained in this layer, which is desig- 
nated layer f ('alculations indicate thaJ 
the range ol possible thicknesses for 
layer B is between lb and 7b m. 

The velocity 104 m sec is character- 
istic of .1 porous and highly brecciated 
rock material such as the lunar regolith. 

I his layer (A) is S.5 m thick. The na- 
ture ol l.iyer B is less clear. The geo- 
phone line lies in part on I ratosthenian 
Crater cluster material, which Offield 
(.0 interpreted as having been derived 
from clusters ol primary craters or sec- 
ondary craters of an unknown source. 
Craters from which such cluster ma- 
terial IS derived are not large (300 to 
400 m 111 iliameter). and the minimum 
thickness of lb m that we calculate for 
layer B is more than one would expect 
from craters of this size. 

.-\ more likely explanation lor the 
origin of this layer is that it is either the 
smooth terrain material of Ol'icid (.?) 
or the Fra Mauro f ormation. .Accord- 
ing to Offield. the smooth terrain ma- 
teri.ll is •'similar to nearby plains ma- 
terial of presumed volcanic origin . . . 
of uncertain thickness." and the Fra 
Mauro Formation ..onsists of "material 
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of ejecta blanket surrounding ilie Ini- 
brium basin." 

We have e.vamined two aspects of the 
Apollo 14 seismic data in an attempt to 
deduce evidence supporting one or the 
other of the above models, that is, 
smooth terrain material or Fra Mauro 
Formation. First, we calculated the 
thicknesses of overlapping ejecta blan- 
kets from craters near the Apollo 14 
site. We considered only those craters 
younger than the Fr.i Mauro Formation 
and extended our calculatiotis to a max- 
imum distance of 1000 km. Details of 
the results of these calculations are 
forthcoming (see Hu and Watkins(4)l. 
The calculation scheme was empirical 
but appears to have given good results. 

For the Apollo 14 site, the calculated 
regolith thickness is .f.9 to 7.2 m. The 
calculated range of thickness ot the Fra 
Mauro I'ormation is 5.5 to 15.6 m (4). 
The observed thickness ol layer A and 
the minimum thickness of layer B cal- 
culated from seismic data are thus ap- 
proximately the same as the maximum 
thicknesses calculated for the regolith 
and the Fra Mauro Formation, respec- 
tively (4). 

Watkins el al. (5) measured in situ 
velocities tn a number ol different rock 
types with possible lunar analogs. Their 
results are compared with lunar data in 
Fig. 4. Lunar data and data from the 
Meteor Crater, .Arizona, ejecta blanket 
arc shown in solid circles. The porosity 
of the .Apollo 14 regolith was assumed 
to be the same as that of the .Apollo 1 1 
regolith (6). I'he relatively lower veloc- 
ities of the lunar rocks in comparison 
with lerresttial rocks of comparable 


porosities is probably due to the greater 
degree of brecciation ot the lunar and 
■Meteor Crater rocks. 

Because of brecciation in lunar rock. 
It is more meaningful to estimate the 
porosity of layer B and compare it with 
the porosities of terrestrial rocks than 
to compare the velocities directly. .A 
solid line in Fig. 4 indicates our esti- 
mated range of porosity of layer B. .45 
to 55 percent. Watkins el al. (5) include 
three terrestrial rock units whose veloc- 
ities or structure, or both, might be 
appropriate: (i) ejecta blanket. Meteor 
Crater, porosity 40 percent; (ii) rhyolite 
ash and lapilli, .Mono Craters, Cali- 
fornia. porosity 46 percent, and (iii) S. 
I*, andesitic lava flow, Arizona, porosity 
56 percent. 

We conclude that layer .A is the lunar 
regolith. The layer is 8.5 m thick be- 
neath the geophone line at the Apollo 
14 site, and it appears to be comprised 
mainly of overlapping ejecta blankets 
from post-JTa Mauro craters. 

This layer is underlain by a layer 
whose thickness is calculated to he 
from Ih to 76 m and whose character- 
istic wave velcicity is 299 m/sec. The 
abrupt change in seismic velocity and, 
by inference, in other physical proper- 
ties of layer B indicate a major change 
in the nature of the evolution of lunar 
near-surface rocks. The estimated po- 
rosity of layer B, between .45 and 55 
percent (layer .A has an inferr.-d por- 
osity of 48 percent), indicates that it is 
not solid rock, but is very porous and 
possibly highly fractured. 

The calculated thickness of the Fra 
Mauro Formation at the .Apollo 14 
site is slightly less than the ntinimum 
thickness inferred for layer B. but. 
if variations in the thickness of the 
Fra .Mauro Formation and inaccuracies 
in the calculations are taken into ac- 
count, the discrepancy does not seem 
unreasonable. 

Photogeologic mapping of the area 
around the .Apollo 14 site suggests that 
layer B might consist of Fra Mauro 
material or possibly of volcanics. Both 
explanations are consistent with the 
observed velocities. However, if layer 
B is volcanic, it is difficult to under- 
stand why so few igneous rocks were 
returned by Apollo 14 astronauts (7), 
since a number of \oung craters in the 
vicinity have penetrated into and 
through the layer. 

The velocity and inferred porosity 
of layer B are comparable with those 
observed in the upper part of Nfetcor 
C rater ejecta (40 percent porosity) and, 
thus, quite reasonable for ejecta from 
Mare Imbrium. The change in inferred 







f ig 4. ( imiparivin of terrestrial velocity 
and porosity data with lunar data (Open 
circles 1 Icrrestiiaf data. (Solid circles) 
lunai data of Nteteor Crater, Arizona, 
data the luinihers lefet to the .Apollo 
missions that piovidcd the data. 


porosity between layer A and layer B 
is small but significant. For a ptrrous, 
highly fractured rock such as one 
would exps'ct in the Mare Imbrium 
ejecta, cotitinued bombardment and 
diminution ol particle size would in- 
crease the poiosity otily slightly. We, 
Iherelore. conclude that layer B is the 
Fra .Mauro Formation. 

Fvidence regarding the underlying 
layer ((') is inconclusive at the present 
time. I he relatively low compressivinal 
wave velocities that were measured by 
the .ASF. argue against the presence of 
substantial amounts of permafrost in 
the lunar near-surface at this particular 
site. Velocities in permalrost vary 
greatly— depending on such factors as 
lithology, porosity, and degree of in- 
terstitial freezing — but tvpically range 
from 2448 to 4572 m sec (<S). 

Joi.L S. WxTKINS 

I'leparinieni ol Geolo^’v, University of 
\orth Carolina. Chapel Hill 27514 

RoBt KT 1.. Kov ac h 
Department of Geophysics. Stanford 
University, Stan lord, Calilornia <^4.105 
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10. Active Seismic Experiment 

Robert L. Kovach, Joel S. Watkins,^ and Pradeep Talwani‘^ 


The purpose of the active seismic experiment 
(ASE) is to generate and monitor seismic waves to 
study tlie lunar near-surface structure. Specifically, 
how thick is the lunar regolith at the Apollo 16 site? 
What are the acoustic or seismic properties of the 
lunar near-surface material? Are there any distinct 
seismic horizons and do they correlate with our 
estimates of geological horizons? Is there a character- 
istic difference in the shallow seismic velocities 
between the maria and the highlands? Several seismic 
energy sources are used: an astronaut-activated 
thumper device, a mortar package that contains 
rocket-launched grenades, and the impulse produced 
by the lunar mo dule (LM) ascent . 

To date, analysis of some seismic signals recorded 
by the ASE has provided data concerning the 
near-surface structure at the Descartes landing site. 
Two compressidnal (P-wave) seismic velocities have so 
far been recognized in the seismic data. The lunar 
surface material (fig. 10-1) has a seismic wave velocity 
of 114 m/sec. Underlying tlris surficial material at a 
depth of 12.2 m, the lunar rocks have a velocity of 
250 m/sec. The 114-m/sec material velocity is as- 
signed to the lunar regolith and agrees closely witlr 
the surface velocity measured at the Apollo 12, 14, 
and 15 landing sites; this agreement indicates that no 
major regionaU difference exists in the hear-surface 
acoustical properties of the Moon. 

The material underlying the regolith does not 
indicate that competent lava flows exist in the Cayley 
Formation at the Apollo 16 site. Instead, this velocity 
of 250 m/sec is suggestive of brecciated material or 
impact-derived debris of as yet undetermined tlrick- 
ness. Further analyses of the ASE grenade seismic 
signals should give more information on the deeper 
structure at the Apollo 16 landing site. 


^Stanford University. 
^University of North Carolina, 
t Principal Investigator. 


INSTRUMENT DESCRIPTION 
AND PERFORMANCE 

The ASE consists of a thumper and geophones, a 
mortar package assembly (MPA), electronics witJiin 
the Apollo lunar surface experiments package 
(ALSEP) central station, and interconnecting cabling. 
The components of the ASE are shown in figure 1 0-2. 

The astronaut-activated thumper is a short staff 
used to detonate small explosive charges — single 
bridgewire Apollo standard initiators. Twenty-one 
initiators are mounted perpendicular to the base plate 
at the lower end of the staff. A pressure switch in the 
base plate detects the instant of initiation. An 
arm-fire switch and an initiator-selector switch are 
located at the upper end of the staff. A cable 
connects the thumper to the central station to 
transmit real-time event data. The thumper also stores 
the three geophones and connecting cables until 
deployment on the lunar surface. 

The three identical geophones are miniature seis- 
mometers of the moving coil-magnet type. The coil is 
the inertial mass suspended by springs in tlie magnetic 
field. Above the natural resonant frequency of the 
guophones (7.5 Hz), the output is proportional to 
ground velocity. The geophones are deployed at 3-, 
48-, and 93-m’(10-, 160-, and 31Q-ft) intervals in a 
linear array from the central station and are con- 
nected to it by cables. 

A three-channel amplifier and a logarithmic com- 
pressor condition the geophone signals before con- 
version into a digital format for telemetry to Earth. 
The low signal-to-noise ratios expected and the lack 
of knowledge as to the character of the expected 
waveforms made it desirable to widen the frequency 
response as much as possible within the constraints of 
the digital sampling frequency of 500 Hz. Because 
signal levels were expected to be distributed through- 
out the system dynamic range, a logarithmic compres- 
sion scheme was selected to give signal resolution as 
some constant fraction of signal amplitude, The 
Apollo 16 system has the properties listed in table 
lO-I. 
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FIGURE 10-1 .-Seismic cross section at the Descartes landing site (Vp = seismic wave velocity). 

The forward end of the mortar box is beveled at 
45° so that, in the deployed position, the MPA rests 
upon the 45° bevel. The remainder of the package is 
supported by two legs that are unfolded and locked 
into place during deployment. The mortar box is 
anchored to a pallet assembly in the final deploy- 
ment. Four 17.8-cm (7-in.) stakes are mounted on the 
underside of the pallet to provide a stable platform 
for the grenade launcliings. 

Each grenade is attached to a range line, which is a 
thin-stranded cable wound around the outside of the 
launch tube. Two fine copper wires are looped 
around each range line. The first loop is spaced so 
that it will break when the grenade is approximately 
0.4 m (16 in.) from the launch tube. A second loop is 
spaced to break when the range line has deployed an 
additional 8 m (25 ft) from the first breakwire. 
Breaking the loops starts and stops a range-gate pulse 
to establish a time interval for the determination of 
the initial grenade velocity. 

The four grenades are similar but differ in the 
amount of propellant and high explosive (table lO-II). 
Each grenade has a square cross section with a thin 
fiber-glass casing. The casing contains the rocket 
motor, safe slide plate, high-explosive charge, ignition 
and detonation devices, thermal battery, and a 
30-MHz transmitter. The range line Is attached to the 
transmitter to serve as a half-wave end-feed antenna. 
In operation, an arm command from ground 


The MPA comprises a mortar box, a grenade- 
launch-tube assembly, and interconnecting cables. To 
provide an optimum launch angle for the grenades, 
the MPA is deployed at an angle approximately 45° 
to the lunar surface. A two-axis inclinometer provides 
pitch- and roll-angle (deviation from the 45° nominal 
and vertical) information on the MPA. The mortar 
box is rectangular and is made of fiber glass and 
magnesium; the grenade-launch-tube assembly con- 
taming four grenades is mounted in the mortar box. 
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TABLE 10-L- Apollo 16 ASE Characteristics 


Component characteristics 

Channel no. 

Geophones: 

1 

2 

3 

Generator constant, V/m/sec 

255 

255 

257 

Frequency, Hz 

7.42 

7.44 

7.39 

Resistance, ohm — ....... 

Amplifiers: 

6090 

6212 

6204 

Nbise level, mV xms at input ............... . . . 

Dynamic range, ims signal to 

.266 

.100 

.133 

rms noise in dB at 10 Hz 

Gain (at 10 Hz) and 

84.4 

92.4 

90 

"^input ^ 2.75 mV peak to peak 

Log compressor (compression accuracy 
for temperature range 288° to 323° K): 

698 

684 

709 

Positive signal error, percent 

4.04 

3.63 

4.83 

Negative signal enor, percent 

System: 

Signal-to-noise ratio (rms signal 
to rms noise in dB for a 10-nm 

2.46 

1.87 

. 1.88 

peak-to-peak signal at 10 Hz) 

Minimum discernible signal (based on 
0.5-mV zero-to-peak input equal to : 

1 digital unit at low level) 

38.9 

37.9 

45.0 

Zero to peak at 1 Hz, nm 

4 

4 

4 

Zero to peak at 4 Hz, nm 

.3 

.3 

.3 

Zero to peak at 10 Hz, nm 

,1 

.1 

.1 

Zero to peak at 20 Hz, nm 

.05 

.05 

.05 


TABLE lO-II,- Apollo 16 Nominal ASE Grenade Paranieters 


Parameter 

Grenade no. 

1 

2 

3 

4 

Range, m 

1 500 

900 

300 

150 

Mass, g 

1261 

1 024 

775 

695 

High-explosive-charge mass, g 

454 

272 

136 

45 

Rocket-motor mean peak tlirust, N . . . . . . 

22 224 

11 112 

7556 

5556 

Mean velocity, m/sec 

50 

38 

22 

16 

Lunar fliglrt time, sec 

44 

32 

19 

13 

Rocket-motor-propellant mass, g ......: 

42 

27 

15 

10 

Propellant peUeLs, no. 

2 365 

1 520 

620 

570 

Launch angle, deg ...... ... . , . . , ..... 

45 

45 

45 . 

45 

Rocket-motor tlrrust duration, msec ..... 

6,0 

1 

7,5 

10.5 

8.5 


control applies a pulse to charge condensers in the discharges a condenser across a thermal match to 

mortar box. and the grenade; a fire command dis- activate the thermal battery, wlrich in turn powers 

clrarges the condenser through an initiator; wliich the transmitter and produces a capacitor charge for 

ignites the rocket motor. When the grenade leaves the the detonator. At impact, an omnidirectional impact 

tube, a spring-ejected safe slide is removed, activating switch closes, discharging the capacitor into the 

a microswitch in the grenade. detonator to ignite the explosive. The explosion 

A thermal battery and the electronics in the terminates radio frequency transmission as an indi- 
grenade make up the firing circuit. The microswitch cation of detonation time. The critical parameters 
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measured are the detonation time, time of flight, the mortar box assembly. Further technical details of 

initial velocity, and launch angle. Because of the the ASE can be found in references 10-1 and 10-2. 

ballistic trajectory followed by tire grenades in the 
lunar vacuum, the necessary data are available to 

determine grenade range. Tire mortar mode of oper- DEPLOYMENT 

ation for the ASE is shown in figure 10-3. 

Because some of the geophone parameters might Apollo 16 site, the three geophones are 

change on the lunar surface, a calibrator circuit is alined on a higlrly cratered uneven area at a bearing of 
provided to measure these parameters to within 10 (clockwise from north) from the ALSEP central 

percent of the prefliglit values. The damping resist- station (fig. 6-13, sec. 6). Figure 104 shows the 

ance across the geophone is altered to underdamp the commander (CDR) standing at the middle geophone 

geophone, and current is introduced into the geo- during thumper operations, 

phone coU to react with the magnetic field of the Minor difficulty was experienced in the deploy- 
geophone, producing a force on the geophone coil. ment of the MPA pallet, and one of the four stakes 

This force moves the coil and, with an underdamped was not implanted. The MPA was leveled and armed 

geophone, the signal from the geophone is a logarith- to fire the four grenades on command to distances of 

mically decaying sinusoidal signal. Analysis of similar 150, 300, 900, and 1500 m in a direction bearing 

calibration pulses transmitted after thumper opera- 287° clockwise from north. Figure 10-5 shows the 

tions on the Moon demonstrated close agreement of deployed MPA on the lunar surface. A closeup view 

the natural frequency and generator constant of the of the MPA on the special pallet is shown in 

geophones with measured preflight values. figure 10-6. Near the end of the tliird period of 

The ASE system is controlled from Earth by a extravehicular activity (EVA), the MPA roll sensor 

number of commands that control such functions as was observed to be reading off scale. However, a 

switching to Irighbit rate and firing the grenades from television panorama taken near the end of the EVA 


Grenade 



FIGURE 1 0-3 .—Schematic drawing showing the mortar mode of operation for the ASE, 
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verified lliat the MPA was properly positioned and 
alined, suggesting that the roll sensor was inoperative. 




1 Ril'Rl- 10-4. The CUR firing the thumper along the 
geoptuine Urn- on the lunar surface (.ASI6-1 13-1K352). 



1 Itil’Rl- 10-5. Photograph of the deployed mortar assembly 
on the lunar surface. Tlie MP.A is aimed to lire to the 
right, parallel to the geophone line ( ASlh-1 1 3-1 R379). 


I he .ALSI'P central station was commanded to the 
high-bil-raie mode at IO;54:.W G.m.t. on April 21, 
1072, to record the ASl: 'thumper mode of operation. 
Thumping operations began at 20 01:52 (i.m.l. at 
geophotie 3 (faithesi from the .\LS1 P central station) 
and proceeded at 4.75-m Il5-fl) intervals (except 
between positions 1 1 and 12 and positions IS and 19. 
which are at 9.5-m (30-fl) intervals) toward geophonc 
1 (nearest to the central station). The final thumper 
shot was fired at 20: 16:0R G.m.t., which resulted in a 
14-min time line. 



I Kfl'Kl 10*6. Closcup view ol the deployed MI*A on the 
luTUf vuifjce (AS 1 6-1 I 3-1 R 380*. 


The central station was commanded to normal bit 
rale at 20:10:32 G.m.t. The thumper was fired at 19 
cable positions. Two attempts were needed to fire the 
thumper at position 2. but this was not due to 
equipment malfunction. Analysis ot the real-time 
data records shows that the thumper was not armed 
for the neces.sary 5 sec prior to firing. Seismic signals 
were recorded at all three geophones for all 19 
thumper firings. 

The ALSI P central station was also commanded 
to high bit rate at 01 :00:00 G.m.t. on .•\piil 24 to 
record the impulse produced by the IA1 ascent .A 
large seismic signal was recorded by the geophone 
array. The Al.SHP central station is periodically 
scheduled for Ihe high-bil rale mode for passive 
lisleiiittg to deieci seismic signals and to verily 
expenmenl operational capability. 
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On May 23, ihe -\l SI P was commaiiiled to liigli 
bit rate between ()5;20:(K) and 06 44:00 G.ni.t. for 
the AS[:/inortai mode of ofieration. Three of tire four 
lijpli-explosive grenades in the MPA were sueeessfully 
lannclied to distanecs ol approximately ‘>00, 150, and 
300 m. I he deeisiun was made not to launch grenade 
number I (l5(X)m) because the grenade launch as- 
sembly pitch angle sensor went off scale high. This 
oft scale indication made the pitch position of the 
launch assembly uncertain. 

.Analyses of the engineering data recorded during 
the grenade firings indicated tlui the range line 
apparently nultunctiuned so that initial grenade 
velocity data were lost. Nevertheless, range data were 
obtained fiom knowledge of the initial angle of 
launch and the tiriK* of Higlit by using Ihe equations 

2V Sin 

*r ^ ti 1/ »r 


where T= lime ol llighi 

I'/ = computed initial veltKity 
0 = launch angle 
g = lunar gravity 
R = range 

The validity of this approach was confirmed because 
of seismic data overlap from the 1 M ascent. 

DESCRIPTION OF RECORDED 
SEISMIC SIGNALS 

Thumper Mode 

During thumper operations on the lunar surface, 
the C’DK was instructed to stand still for 10 sec 
before and 10 sec after each firing. Therefore. 10 sec 



105 ] 


I till Kf 10-7. Seismic si^rnais ptuduced by thumper firing 17 on Ihe lunar surface. 
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of seismic data were recorded for each thumper 
firing. The seismic data recorded for thumper shot 17 
are shown in figure 10-7. Examination of these signals 
reveals that thumper firings within approximately 
15m of a geophone have impulsive beginnings and 
that- the seismic signals have more emergent begin- 
nings with increasing distance. Power spectra for a 
typical thumper shot are shown in figure 10-8. The 
spectra are uncorrected for instrument response 
inasmuch as the ASE has a flat response to input 
ground velocity over the frequency band from 3 to 
100 Hz. The predominant frequency of the thumper 
signals is 22 Hz. 

Figure 10-9 is a record section alined in time to 
the same instant of firing for thumper shots 2 to 10 
as recorded at geophone 2. Little difficulty exists in 
selecting the onset of the seismic signals to a distance 
of 41 m; however, at greater distances, uncertainty 
arises in determining the beginning of the seismic 


wave arrival because of the more emergent onset. 
Figure 10-10 is an expanded time scale record section 
for thumper shots 2 to 9 as recorded at geophone 3. 
The arrows point to unambiguous onsets of clear first 
and second arrivals. 

Lunar Module Ascent 

A signal of particular interest was generated by 
tire tlrrust of the LM ascent engine. The resulting 
seismic signal was recorded by the ASE geophone 
array at distances of 95, 121, and 157 m (fig. 10-11). 
The arrows point to the measured first and second 
seismic wave arrivals at the individual geophones. 
Power spectra of the seismic signals produced by the 
LM ascent (fig. 10-12) show that most of the signal is 
concentrated in the frequency band from 5 to 8 Hz. 
Interpretation of the nave! time curve and related 
data are given in the subsection entitled “Discussion.” 
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Mortar Firings 

The ASL mortar package assembly was located 
14 m from geophone I, pointed to fire parallel to the 
geophone line and down range toward geophone 3. 
Liring of grenade 2 was an initial surprise in tliat the 
rcKket-motor ignition produced a sufficient impulse 
against the mortar pallet to generate a seismic signal 
detected by the ASL geophones (fig 10-13). The 
seismic signals produced by rubsequent grenade 
launch “thumps" were almost identical in character 
and form, differing only in overall amplitude. Lxam- 
ination of the power spectra for a grenade launch 
signal (fig. 10-14) clearly shows the higlier frequency 
content of the signal for the geophone that was 
closest to the MPA. The signal recorded at geo- 
phone 1(14 m) has a spectral peak at 20 II/. whereas 
the signal recorded at geophone 3 (5 m) peaks at 
approximately 14 H/. 

The setsmic signals produced by the detonation of 
grenade 4 are shown in figure 10-15. This grenade was 
launched at an angle of 33. (■>7° and had a (light time 
of I0.7S5 sec, which resulted in a distance of 4b m 
trom this impact to geophoie 3. The seismic records 
are noisy prior to the onset of the impact signal 
because the signals produced by the grenade launch 
itself tiave not completely decayed to low-level 
prefiring conditions. Nevertheless, the desired signal 
can be recognized on the basis of a change in 
frequency, inasmuch as the power spectra for the 
impact signals reveal a predominant signal frequency 
of 10 11/ (fig. lOKr). compared to 15 to 20 11/ (or 
the grenade launch signal. It is expected that narrow 
band pass and velocity filtering will enhance the 
desired signals. Lurthermore. because the individual 
grenade launch signals were closely reproducible from 
launch to launch, a simple noise subtraction proce- 
dure can be used Work is still proceeding on analyses 
of the grenade 2 (‘XX) m) and 3 (300 m) deto- 
nation signals. 


I (Gl'RI 10-9. Seismic signals pr'jduced by Itiumpcr 
fuings 2 to 10 as recorded at geoplione 2. The traces are 
alined to the same relative instant of lire firing of the 
thumper, (lie line marked 1 14 m/sec is alined to the 
measured onset of tlie seismic signal. 1 1 he first numi er in 
the data identilier is the thumper tiring, and the second 
number is the geophone on which the data 
were recorded.) 


DISCUSSION 

The traveltime/distance data obtained from the 
thumper firings are shown in figure 10-17. An ex- 
ample of traveltimes that cannot be precisely deter- 
mined is shot 10-3, and the range of possible 
traveltimes is shown by the height of the line. 
Thumper firings beyond a distance of approximately 
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rUillRl 10-10, I \pamJu! lime playuuts ol seiMnit MgnaK produced by tliumpci firings 2 to 9 as 
recorded al geophone 3. The traces are alined to the same linng instant, and the arrows point to 
the onset of the seismic signal. I The first number in the data identifier is the thumper fuing. and 
the second number is the geophone on which the data were recorded.) 


40 m produced weak seismic anivals for which it is 
difficult to deienninc unambiguously an initial onset. 

Only one I’-wave veliKity is evident in the 
thumper traveltime data. A direct arrival is observed 
with a I’-wavc vehx.ity of 1 14 m/scc. No detected 
variation exists in the I’-wave velocity across the 
section sampled, as is evidenced by the uniformity of 
the velocity across the geophone line. Miis vclixity 
can be compared to the regohth velocities of 104, 
108, and 42 m/sec measured at the .Apollo 1 2. 14. 
and 15 sites, respectively (refs. 10-3 and 10-4). lAcn 
though there is some minor variability from site to 
site, the fragmental and comminuted layer that covers 


much of the lunar surface has surprisingly simibr 
seismic or acoustic properties. 

Iraveltime data from the seismic signals produced 
by the I M ascent, the grenade 4 detonation, and a 
grenade launcher thump are shown in figure 10-18. 
The elfective instant of fire for the grenade launches 
was fixed by “anchoring" the 0.12-sec tra''eltime 
(fig. 10-13) (or the impulse to the nearest geophone 
(geophone 1 al 14 m) to agree with thumper firing 
data at the same distance. This anchoring was 
neces.sar>’ because of the fmilc buildup time for 
which the impulse of the grenade launch was Irans 
milted to the lunai surface. Ilie data arc compared 



10-10 


Al’OLLO 16 PRELIMINARY SCIENCE REPORT 


First 




0 12 3 

Begins at01;25;46.410 G.tn.t. Time after ignition, sec 


FIGURE 10-11. -Signals recorded by tlie ASE geophones from the lift-off of the LM ascent stage. 


craters suggest a regolith tliickness of approximately 
7 m. Results of the Apollo 16 ASE would thus lend 
support to the lower estimate. 

The underlying material having a seismic velocity 
of 250 m/sec is certainly not indicative of competent 
lava flows that typically on Eartlr have seismic 
velocities greater than approximately 800 m/sec 
(ref. 10-6). Field geological investigations have also 
revealed that the Cayley Formation does not consist 
of lava flows as had been postulated (ref. 10-7) but 
rather consists of perhaps interstratified breccias, and 
no bedrock appears to have been sampled by the 
Apollo 16 crew (sec. 6). The measured value of 
250 m/sec can also be compared to the value of 
299 m/sec measured for the underlying Fra Mauro 
breccias at the Apollo 14 site. Thus, it seems probable 


with the extrapolated traveltime/distance curve de- 
rived from the thumper firings of the ASE. 

A faster arrival having a velocity of 250 m/sec is 
observed. The depth to the 250-m/sec refracting 
horizon is 12.2 m. It is proposed that the surface 
layer, wlrich has a seismic velocity of 114 m/sec, 
represents the regolith at the Apollo 16 site. Esti- 
mates of the regolith tliickness at the Apollo 16 site 
based solely on geological considerations are some- 
what ambiguous. Regolith tliicknesses are commonly 
estimated from the total crater population witli a 
higher density of craters implying a greater regolith 
thickness. If all craters observed on the Cayley 
Formation are assumed to be impact craters, the 
indicated mean regolith thickness is 22 m (ref. 10-5). 
On the other hand, analyses of only concentric 
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1 IGl'RE 10-14. Power spectra of seismic signals produced by the launch ol grenade 4. 



I IGURI 10-15.- Seismic signals produced by the detonation of grenade 4, The detonation 
marked by the vertical line marked fire, fhe smaU arrows point to the onset of the seisimc 


time is 
signal. 
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FIGURE 10-16.-Powet spectra of the seismic signals produced by the detonation of grenade 4. 



FIGURE 10-17.— Seismic arrivals from the thumper firings plotted on a traveltime/distance graph. The 
data points are shown as black circles. The distance between thumper shot locations is 4.75 m 
(except between positions 11 and 12 and positions 18 and 19, wluch are at 9. S-ro intervals). 
Shot 4-3 has an anomalous early arrival. (The first number in the data identifier is the thumper 
firing, and the second number is the geophone on which the data were recorded.) 
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FIGURE 10-18.— Seismic arrivals from the LM ascent, gre- 
nade launch, and detonation of grenade 4 compared to 
extrapolated traveltime/distance data derived from the 
thumper firings. 

that, at tlte Apollo 16 site, the regolith is underlain 
by low-velocity brecciated material or impact- 
derived debris. 

If it is assumed that the rocks underlying the 
probable brecciated material at the Apollo 16 site 
Irave a seismic velocity of 1 km/sec, the tliickness of 
the 250 m/sec material is 70 m. Tlris thickness is 
likely an underestimate based on impact crater 
models proposed for the lunar highlands (ref. 10-8). 
It is anticipated that analyses of the complicated 
seismic signals from the grenade 2 and 3 firings will 
provide some definitive answers on the intriguing 


problem of the shallow velocity structure in the lunar 
liiglilands and of the severe velocity gradient in the 
lunar near-surface material (ref. 10-9). 
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Abstract. Seismic refraction data, obtained at the Apollo 14 and 16 sites, when combined with other 
lunar seismic data, allow a compressional wave velocity profile of the lunar near-surface and crust 
to be derived. The regolith, although variable in thickness over the lunar surface, possesses surpris- 
ingly similar seismic properties. Underlying the regolith at both the Apollo 14 Fra Mauro site and the 
Apollo 16 Descartes site is low-velocity brecciated material or impact derived debris. Key features of 
the lunar seismic velocity profile are; (i) velocity increases from l(X)-300 m s“^ in the upper 100 m to 
~4kms~i at 5 km depth, (ii) a more gradual increase from ~ 4 km s'* to ~6kms"* at 25 km 
depth, (iii) a discontinuity at a depth of 25 km and (iv) a constant value of ~ 7 km S"* at depths from 
25 km to about 60 km. The exact details of the velocity variation in the upper 5 to 10 km of the Moon 
cannot yet bo resolved but self-compression of rock powders cannot duplicate the observed magnitude 
of the velocity change and the steep velocity-depth gradient. Other textural or compositional changes 
must be important in the upper 5 km of the Moon. The only serious candidates for the lower lunar 
crust are anorthositic or gabbroic rocks, 

1. Introduction 

A seismic refraction experiment was used to study the characteristics of the lunar 
near-surface at the Apollo 14 and 16 landing sites. The results of these experiments, 
together with the recording of Lunar Module (LM) ascent stage and upper stage of the 
Saturn rocket (S-IVB) impacts allow an interpretation of the seismic velocity structure 
in the lunar interior to be made. In this paper we want to examine some of the follow- 
ing questions; What are the acoustic or seismic properties of the lunar near-surface 
material? How thick is the lunar regolith at the Apollo 14 and 16 sites? Are there 
distinct seismic horizons and do they correlate with any geological horizons? Is 
permafrost present near the lunar surface? Are there characteristic differences in the 
shallow seismic velocities between the maria and the highlands? How do the shallow 
seismic results interface with the larger-scale seismic results? What are the implica- 
tions, compositional or otherwise, of the seismic results for the outer lunar interior? 

In the study of the Earth’s crust seismic refraction profiling has often been used. 
The technique involves the recording of explosive charges at various distances from 
an array of seismometers (geophones). On the Moon a 91 m linear array of three geo- 
phones was deployed by the Apollo astronauts and several seismic energy sources 
were used: an astronaut-activated thumper device with small explosive initiators, a 

* Paper dedicated to Professor Harold C, Urey on the occasion ofhis 80th birthday on 29 April, 1973, 
The Moon! (1973) 63-15. All JUghls Reserved 

Copyright & X913 by D. Reidel Publishing Company, Dordrecht-Holland 
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mortar package containing rocket launched grenades and the impulse produced by 
the thrust of LM-ascent stage as it departed from the lunar surface. Technical details 
of the experiment can be found in Kovach a/. (1971) and Kovach et a/. (1972). 

2. Apollo 14 Results 

Apollo 14 landed at latitude 3°40'24"S, longitude 17°27'55"W in the Fra Mauro 
region. Here the lunar surface is covered by a stratigraphic unit, called the Fra Mauro 
formation, which is presumed to be the ejecta deposit produced by the large impact 
which formed the Imbrium basin. At the landing site the Apollo 14 crew deployed the 
string of three geophones in a southerly direction across the lunar surface and used 
the thumper device to generate seismic signals. The thumper was fired at 4.57 m 
intervals along the geophone line. 
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Fig. 1. Composite seismic record section aligned in time to same instant of thumper firings at the 
Apollo 14 site. First number refers to shot number. Second number to geophone on which recorded. 
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A composite seismic record section aligned in time to the same instant of thumper 
firings at the Apollo 14 site is shown in Figure 1. The first number refers to the thumper 
explosive initiator used and the second number to the geophone on which the data 
were recorded. The northernmost geophone which was closest to the central telemetry 
station was designated geophone 1. 

Two compressional wave (P-wave) velocities are recognized on the composite 
record section. A first arrival with a P-wave velocity of 104 m s“^ is observed out to 
a distance of 22.7 ra where a faster arrival with a velocity of 299 m s“‘ is identified. 
No variation in P-wave velocities was observed across the horizontal section sampled, 
as was evidenced by the conformance of the seismic velocities measured along the 
geophone line. The lunar near-surface at the Apollo 14 site is thus characterized by a 
surface layer of 104 ms“^ velocity overlying material possessing a seismic velocity 
of299ms“^. 

Seismic signals were also generated from the rocket thrust produced by the ascent 
of the landing module from the Moon and recorded by the Apollo 14 passive seismo- 
meter at a distance of 178 m (584 ft). These travel-time data are shown in Figure 2 
compared to the extrapolated travel-time distance curves determined from the astro- 
naut thumper firings. The observed travel-times are in close agreement with the 
extrapolated travel-times. However, a first arrival was observed with a travel-time 
somewhat faster than that predicted by a refraction from the top of the 299 m s""^ 
horizon indicating that a material with a faster intrinsic compressional-wave velocity 
lies beneath the 299 m s“* material. 

If the assumption is made that the material underlying the 299ms”‘ material 
possesses an infinite compressional wave velocity, a maximum estimate of the 299 m s“^ 
material can be derived. Furthermore, as shown in Figure 2, if the critical distance for 



Fig, 2. Travel-tirries measured at the Apollo 14 site, 
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the arrival of the head wave traveling through the underlying material is taken as 100 m 
(the length of the geophone hne) a minimum velocity of 386 m s“‘ is inferred for the 
underlying material. The range of possible thickness, therefore, for the 299 m s“^ 
material is 17 to 88 m. 

The depth to the 299 m s“^ refracting horizon is 8,5 m. The low seismic velocity 
of 104 m s“^ is suggestive of a porous and highly brecciated rock material and thus 
believed to be representative of the fragmental veneer of unconsolidated particulate 
debris -the lunar regolith that covers the surface of the Fra Mauro slte.This measured 
thickness of 8.5 m for the regolith agrees well with that estimated solely on geologicar 
evidence. By photographic studies of the depth at whici: blocky floors appear in fresh 
craters, it can be inferred that the fragmental, surficial layer that overlies the more 
consolidated or semiconsolidated substrate at the Fra Mauro site ranges in thickness 
from 5 to 12 m (Offield, 1970). 

A velocity of 299 m s~ ' is comparable to that observed in the upper part of Meteor 
Crater ejecta material (Watkins and Kovach, 1971) and it is thus quite reasonable to 
assume that this velocity is representative of ejecta from Mare Imbrium. A thickness 
estimate of 19 to 76 m is comparable to geological estimates of 100 m or so for the 
Fra Mauro formation (Offield, 1970). The returned lunar samples have also definitely 
revealed that the Fra Mauro formation is primarily comprised of breccias (Wilshire 
and Jackson, 1972). 

The relatively low compressional wave velocities that were measured in the lunar 
near-surface argue against the presence of substantial amounts of any shallow perma- 
frost at this particular site. Measured velocities in permafrost vary greatly - depending 
on such factors as lithology, porosity, and degree of interstitial freezing - but typically 
range from 2438 to 4572 m s^* (8000 to 15000ft s--^) (Barnes, 1966). 

3. Apollo 16 Results 

The landing site for Apollo 16 was at latitude 8°59'29"S, longitude 15®30'52''E. This 
location, known as the Descartes site, was chosen to sample and study the construc- 
tional units, called the Cayley formation and the associated Descartes material which 
are a part of the lunar highlands. It had been presumed by some that these formations 
were primarily volcanic in origin and that Java flows might be found at this location 
(Milton and Hodges, 1972). 

At this site the three geophones were deployed on the Cayley formation on a highly 
cratered uneven area at a bearing of 287° (clockwise from north) from the central 
telemetry station, Geophone 3 was deployed 90 m northwest of geophone 1 (Figure 3). 

Figure 4 is a record section aligned in time to the same instant of firing for thumper 
shots 2 to 10 as recorded at geophone 2., There is no difficulty in recognizing the onset 
of the seismic signals out to a distance of 40 m; but at greater distances the onset of the 
seismic wave arrivals are more uncertain because of the emergent beginnings. Figure 5 
is an expanded time scale record section, for thumper shots 2 to 9 as recorded at 
geophone 3. 
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Fig. 3. Schematic diagram showing deployment of geophysical experiments at the Apollo 16 site. 

The travel-time-distance data from the Apollo 16 thumper firings are shown in 
Figure 6. Only one compressional wave velocity is evident in these data - a direct 
arrival possessing a velocity of 114 m s“^i Again no variation in the measured surface 
velocity was noted across the geophone line. 

Seismic signals of particular interest at the Apollo 16 site were generated by the 
ascent of the lunar landing module and the detonations of rocket propelled grenades. 
The seismic signals from the ascent of the landing module are shown in Figure 7. 

The mortar package assembly was located 14 m from geophone 1 pointed to fire 
parallel to the geophone line and downrange toward geophone 3 (Figure 4). 

The seismic signals produced by the detonation of the nearest grenade (0.1 lb of 
high explosive) are shown in Figure 8. The records are noisy prior to the onset of the 
detonation signal because the grenade launch itself produced a disturbance which had 
not completely decayed to low level prefiring conditions. However, the desired signals 
can be recognized on the basis of a change in. frequency ina.smuch as the detonation 
signals possess a predominant signal frequeney of 10 Hz compared to 15-20 Hz for the 
grenade launch itself. Figure 9 shows the seismic signals produced by the detonation of 
0.3 lb of explosive at a distance of about 400 m. 0.6 lb of high explosives were also 
detonated at a distance of 1000 m from the geophone line. However, because of the 
reverberation produced from the grenade launch only weak surface waves could, be 
recognized. 

The travel-time data for the seismic signals recorded at the Apollo 16 site are shown 
in Figure 10. Seismic arrivals with velocities of 1 14 m s" ‘ and 250 m s“’ are observed 
The depth to the top of the 250 m s“^ refracting horizon is 12.2 ni. Again it is inferred 
that the material with a seismic velocity of 114 m s' ^ is representative of the regolith 
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Fig. 4. Seismic record section recorded at Apollo 16 site. Line marked 114 m s“^ 
shows first arrival of P-wave. 

at the Apollo 16 site. Estimates of the regolith thickness at the Apollo 16 site based 
solely on geological considerations can be ambiguous. Regolith thicknesses are com- 
monly estimated from the total crater population with a higher density of craters 
implying a greater regolith thickness. If one assumes that all craters observed on the 
Cayley formation at the Apollo 16 site are impact craters, the indicated mean regolith 
thickness is 22 m (Oberbeck, 1971). On the other hand, restricting the analysis to only 
concentric craters suggested a regolith thickness of about 7 m. The refraction from 
the 250 m s""^ horizon could not be recognized out to a distance of 445 m, but if it is 
indeed present the maximiun thickness for the 250 m s “^ material is 220 m. 
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Fig. 5. Expanded time playout of thumper firings 2-9 recorded at geophone 3 at the Apollo 16 
Descartes site, Arrows indicate the first arrival. Note the more emergent beginning with an 

increase in distance. 



Fig. 6. Travel-time data for thumper firings at the Apollo 16 site. The data points are shown as 
black circles; the first number refers to the thumper firing, the second number to the geophone on 
which the data were recorded. Distance between firing locations (except skipped positions 1 1 and 19) 
is 4.57 na (15 ft). Note Uniformity of measured velocity across section sampled. 
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LM ASCENT 




Fig. 7. Seismograms recorded on Apollo 16 geophone array from ascent of Lunar Module (LM) 
from lunar surface. Arrows indicate first and second arrivals. 
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-3 GRENADE IMPACT 



Fig. 9. Seismogram produced by detonation of 0.3 lb of high explosive at the Apollo 16 site recorded 
on geophone array at distances shown. 



Fig. 10. Travel-times measured at the Apollo 16 site. 


The underlying material with a seismic velocity of 250 ms“^ is certainly not 
indicative of competent lava flows which typically, on Earth, have seismic velocities 
greater than about 800 m s“ ^ (Watkins et ai, 1972). The returned lunar samples have 
also revealed that the Cayley formation does not consist of lava flows as had been 
postulated (Milton and Hodges, 1972), but rather consists of perhaps interstratified 
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breccias* No bedrock appears to have been sampled by the Apollo 16 crew* The 
measured value of 250 m s”‘ is close to the value of 299 ms“' measured for the 
underlying Fra Mauro breccias at the Apollo 14 site. Thus it seems clear that at both 
the Apollo 14 and 16 sites the lunar surface is underlain by low-velocity brecciated 
material or impact derived debris. 

4. Discussion and Conclusions 

The seismic velocity of the 114 m s“^ measured at the Descartes site can be compared 
to the velocities for the regolith of 104, 108 and 92 m s“* measured at the Apollo 12, 
14 and 15 sites respectively (Latham et a!., 1972; Kovach et al., 1971). Even though 
there is some variability in the velocity from site to site the process of fragmentation 
and communition by meteoroid impacts has produced a layer of surprisingly similar 
seismic properties, arguing against any major regional difference in the near-surface 
acoustical properties of the Moon. 

The velocity model for the upper 25 km of the Moon, compatible with the impact 
data recorded by the network of Apollo seismometers (Toksdz et al., 1972) and the 
lunar seismic refraction experiments is shown in Figure 11. Several salient features 
can be pointed out. 


VELOCITY, km/sec 
1 2 3 4 5 6 7 



Fig. 11. Observed velocity profile for upper 30 km of Moon compared to velocities of lunar and 
terrestrial r-ocks and powders measured in laboratory as a function of pressure. Lunar rocks .are 

identified by sample number. 
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(i) The seismic velocity increases very rapidly from values of 100-300 m s“' in the 
upper 100 m or so of the Moon to a value of ~4 km s“^ at a depth of 5 km. 

(ii) The velocity increases more gradually from ~4kms“' at 5 km depth to 
~6 km s“^ at a depth of 25 km. 

(iii) A discontinuity in seismic velocity is present at a depth of 25 km. 

(iv) A nearly constant value of ~7 km s~^ from a depth of 25 km to about 
60 km. 

The exact details of the velocity variation in the upper 5-10 km of the Moon cannot 
yet be resolved (i.e. whether it is smooth as depicted or a stepwise increase) but one 
simple observation can be made. Self-compression of any rock powder such as the 
Apollo 11 or 12 soils or terrestrial sands cannot duplicate the observed magnitude of 
the lunar velocity change and the steep velocity-depth gradient (~2 kms'^ km“^). 

Experiments on returned lunar soils (Anderson et at., 1970; Kanamori et al., 1970, 
1971; Mizutani et al., 1972; Warren et al., 1971) and truly hydrostatic measurements 
on terrestrial sands and basaltic ash (Talwani et al., 1972) suggest velocity-depth 
gradients of 0.4 to 0.8 km s"^ km~^ but such gradients only persist to a pressure of 
~50 bars (depth w 1 km in Moon). At higher pressures the velocity gradient decreases 
to values 10 to 20 times less than the gradient at low pressure. 

Recent experimental results on unconsolidated sands and rock powders show that 
no unique relation exists between seismic velocity and porosity in granular material. 
Secondly, velocities in unconsolidated materials do not exhibit excess pressure memory 
(Talwani et al., 1972). Rather there is an irreversible change in porosity accompanying 
a completely reversible variation in velocity as the material is repeatedly cycled to 
pressures of 2.4kbar (~50 km lunar depth). 

In view of the lack of verifying experimental data it would seem unlikely to expect 
that a deep rock powder layer (of several km) witli a velocity gradient of 1,35 km s" ^ 
km“^, as proposed by Gold and Soter (1970) andfurther discussed by Gold (1971a, b), 
can be invoked to explain the shallow lunar velocity variation. It has also been argued 
that plastic deformation, sintering and excess pressure memory (presumably from 
large meteorite impacts) make the lunar in situ velocities much higher than is observed 
in the laboratory (Jones, 1972). The important observation is that the increase of 
seismic velocity in the shallow lunar interior is much too large to be due simply to 
self-compaction of rock powders. The implication is that other ejfects such as compo- 
sition or textural changes must be important in the upper 5 km of the Moon. It, of course, 
might be possible to invoke ad hoc hypotheses to explain this velocity variation but 
the seismic experiment planned for Apollo 17 should shed light on this important 
paradox, The primary purpose of the Apollo 17 seismic profiling experiment is to 
gather needed travel-time data in the distance range of 0,1 km to 10 km. Explosive 
charges will be detonated out to distances of 2,5 km and. the LM ascent stage is 
targeted to impact within 10 km. 

From about 4 km to 25 km depth the physical properties of the lunar rocks are 
probably dominated by cracks, pores and intergranular effects. Rocks have intercrys- 
talhne cracks and pores and have very low seismic velocities at atmospheric pressure. 
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Seismic velocities increase rapidly over the pressure range from zero to l.Skbar 
(~25km depth in Moon) where velocity values change only minor amounts with 
a further increase in hydrostatic pressure (Nur and Simmons, 1971). 

Because of this large pressure effect on seismic velocities over this depth range in 
the Moon, probably not much can unambiguously be said about composition. How- 
ever, the observed velocity variation does lie between the measured velocity values 
for returned lunar basaltic rocks 10057, 12065 and 12063 suggesting compatibility 
with a basaltic composition. 

At a depth of 25 km the seismic velocity increases only very slightly to a value of 
7.0 km s“* at a depth of 65 km. Because at these pressures (>1.5 kbar) much of the 
crack and porosity effects in rocks have been minimized it is possible to use laboratory 
measurements on rocks to make some compositional inferences. Temperature effects 
can also be excluded because at the anticipated lunar temperatures their effect is, 
at worst, to produce a decrease in seismic velocity by 0. 1-0.2 km s“^. 



Fig. 12. Velocity and density of rocks and minerals as a function of mean atomic weight. 

Figure 12 is a plot of the seismic velocity in rocks and minerals as a function of 
mean atomic weight. For a given mean atomic weight seismic velocity increases as the 
density increases. The effect of an increase in iron content is to increase the density 
and mean atomic weight but decrease the seismic velocity. It can be seen that for the 
various rocks shown only anorthosite or gabbro (including diabase, norite or 
amphibolite) have a seismic velocity of -vT km s“‘ and can be considered as serious 
candidates for the lower lunar crust. Ecldgites, dunites and pyroxenites all have 
seismic velocities higher than that observed and should not be considered further. It 
is also obvious that seismic data alone cannot distinguish between gabbro and anortho- 
site and petrologic and geochemical arguments must be introduced. 
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The Lunar Seismic Profiling Experiment 

J. E. DYE 


• The ASE explosive charges are rocket-propelled. 
Those of the LSPE are carried to the desired 
deployment site aboard the LRV and emplaced 
on the lunar surface by the astronauts. 

• The ASE charges detonate on impact with the 
lunar surface after rocket propulsion initiated by 
ground command. The individual LSPE charges 
are armed by two mechanical timers that are 
started by the crew at the time of deployment. 
Time runout and arming occur well after the 
crew has left the lunar surface. Detonation is 
accomplished via a ground-controlled r.f. link 
between the ALSEP Central Station and a re- 
ceiver in each explosives package. 

• The ASE geophone array is linear, 300 feet in 
length, and consists of three geophones spaced 
at 150-foot intervals. The LSPE geophone array 
is triangular in shape, with one geophone posi- 
tioned at each of the apices of an equilateral 
triangle 300 feet on a side; a fourth geophone is 
positioned at the triangle center. The LSPE 
array provides a capability for determining the 
arrival angle of the induced seismic energy. 

» The LSPE geophones are identical to the ASE 
geophones but are stowed in a different manner 
for transport to the lunar surface and deploy- 
ment by the astronauts. 

• The LSPE central electronics are similar in func- 
tion and construction to the ASE central elec- 
tronics. They differ in that, whereas the ASE 
contains a receiver, the LSPE contains a trans- 
mitter that transmits a pulse-coded r.f. signal to 
a receiver in the explosives package to actuate 
detonation at a precise time. ^ 

EXPERIMENT DESCRIPTION 


The Lunar Seismic Profiling Experiment (LSPE), 
now under development and scheduled for deploy- 
ment on the moon as a part of the Apollo 1 7 mission, 
is an advanced version, of the Active Seismic Experi- 
ment, described elsewhere in this issue.* The LSPE 
consists of eight packages, each containing an explo- 
sive charge, and a central-electronics package, which 
is housed within the ALSEP Central Station. The 
explosive charges weigh from 1 /8 pound to 6 pounds 
and are approximately equivalent to TNT in energy 
per pound. They will be deployed from the Lunar 
Roving Vehicle (LRV) by the astronauts at distances 
■of 500 meters to 3.5 kilometers from an array of 
four geophones emplaced on the lunar surface. The 
charges will be detonated after the astronauts leave 
the lunar surface by an r.f command from the 
ALSEP Central Station. 

The detonations will generate waves of seismic 
energy, the velocities of which will be determined to 
depths of 3 to 4 kilometers on the basis of geophone 
detection measurements. The data obtained, in com- 
bination with known velocity/density relationships, 
are expected to reveal much concerning the internal 
structure and composition of the lunar surface. 
According to present plans, the Apollo 17 landing site 
should be near a major planetary ridge — one com- 
parable in extent to the midoceanic ridges on earth — 
which may be the surface manifestation of a funda- 
mental internal process of lunar evolution, such as 
differentiation and/or convection. 

The Lunar Seismic Profiling Experiment and the 
Active Seismic Experhnent have the following im- 
portant similarities and differences: 

• The LSPE has a maximum explosive-charge 
weight of 6 pounds, whereas that in the ASE is 1 
pound. As a consequence, the LSPE charges can 
be deployed at a : greater maximum distance 
from thd gepphone array — 3.5 kilometers for 
the LSPE as compared with 1.7 kilometers for 
the ASE - to yield seismic velocity measure- 
ments at greater lunar-surface depths. 


Robert L. Xovach, Department of Geophysics, Stanford University, 
Is Principai Investigator for the Lunar Seismic Profiting Experiment as 
weii as for the Active Seismic Experiment. 

*J. R. McDbweii, “The Active Seismic Experiment.” 


, The LSPE explosives package is seen in Figure L,, 
and a cutaway view is shown in Figure 2, The Luiiar. 
Seismic Profiling Experiment contains eight such 
packages, all identical excep t for the size of the high- 
explosives charge and the preset runout time of the 
mechanical timers. The high-explosives charge is con- 
tained within a nickel-plated fiberglass housing, which 
forms the bottom portion of the explosives package. 
The top portion — the electronics and SAFE/ARM 
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Figure 1 Lunar Seismic-Profiling Explosives Package 
(Cover Removed) 


Figure 2 Lunar-Seismic Profiling E xplosives Package 
iCuraway View) 

ussombly consists ol ;i matincsiiim baseplate upon 
which ate mouiiteil the tolluwing co nponents; 

• the iml ih'iiinulmi; lurirhliic UJH'l. the first 
component ot tlie esplosives train. 

• tlie .V I/ h. AKM slult . the secoiul component ot 
the explosives train, which contains an explosive 
lead; 

• a mechanical SM I. .lA’U \lidc inner, which 
moves the le.id into line with the 1 IK to com- 


plete. or arm. the explosives train; 

• receh inn antenna, reieiier. sitinal )mu ewnr. and 
jinn^-pidse neneratnr. which I unction to receive 
tlie pulse-codeil I IHl signal transmitted from 
the .MSI I’ ( entral Station, to process this 
codeil signal, and to proviilea tiring pulse that 
luses a hridgewire in the I IK to actuate the 
explosives train; 

• a thennal haner\ . which supplies power to the 
above circuitry ; 

• a thermal halter) timer, which activates the 
battery via impact ol a firing pin onto a percus- 
sion primer in the battery 

A temperature ranging between 40 I and ITU I will 
be maintained for these components over the period 
from lunar morning to lunar noon iluring which the 
package is to be exposed to the lunar environment. 
Solar input at high sun angles will be miiiiini/eil by 
multilayer insulation inside a fiberglass top cover aiul 
by a coating ol while thermal paint on the exterior ol 
the upper portion of the cover I he remaining ex- 
terior surfaces of the explosives package are painted 
black to permit rapid initial warm-up ot the packages, 
which will be deployed at low sun angles when tem- 
peratures are near the minimum operating limit 

1 he astronauts start the two mechanical tuners at 
the lime of deployment by removing two separate 
pull pins. Another pull pin provides a salely back-up 
to the S.M h AK.M slide timer by constraining the 
S.AH: ARM slide in its SAI L position. .A fourth pull 
pin. contained within the thermal battery timer, 
serves as a salely back-up against the possibility of 
premature functioning of the battery timer by con- 
straining the firing pin from activating the battery 
bach of these pins is held by a retaining-spring force 
that must be overcome by the astronaut during pin 
removal. Removal of the S.AH ARM slide pull pin 
requires both rotation and pull, the two actions in 
sequence being constrained by a relaining-sprmg 
force. Locking features are incorporated in all pins to 
prevent their removal in the event of component tnal- 
lunction. Should either of the timers have started to 
run. its pin wouUl be locked m place and impossible 
to remove. Should the slide not he constrained in the 
SAI L position by the SAl 1 ARM slide timer, the 
S.AF l AR.M slide pull pin would lock and couUI not 
be removed. Should the firing pin be prematurely 
released by the timing mechanism, the pull pm con- 
straining the firing pin within the thermal battery 
timer would lock in a similar manner 

EXPERIMENT OPERATION 

.A block iliagram describing the operational se- 
quence within an LSI’I explosives package is pre- 
sented in l igure .L 
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Figures Explosives Package Block Diagrann 

When the astronaut removes the four pull pins at The LSPE transmitter, which is located within the 

the time of deployment, the mechanical timers start, ALSEP Central Station, transmits a repetitive pulsed 

which, after a 90-hour timeout, remove the safety carrier signal, the time characteristics of which are 

constraints holding the SAFE/ARM slide and the bat- detailed in Figure 4. A series of three pulses properly 

tery firing pin in the locked position; the prescribed spaced in time is required to elicit a FIRE signal out 

order of pull-pin removal maximizes the safety that is of the signal processor within the explosives package 

inherent in the pull-pin locking features. The SAFE/ and detonate the explosives train. Should the first set 

ARM slide timer is preset to function for 90 hours, a of pulses fail to accomplish this, the battery life of 2 

period that assures - even in a contingency situation minutes permits three additional attempts to he 

- that the crew will have left the lunar surface prior made. Since the seismic data subsequently collected 

to the arming of any explosives package. Once this must be accurately referenced to the instant of deto- 

period has elapsed, a pin constraining the spring- nation, it is necessary to establish which specific set 

loaded SAFE/ARM slide is retracted by the timer, of pulses is effective. This is done by comparing 

permitting the slide to move to its ARM position. known times of pulse-set transmission with the time 

Motion of the slide opens a microswitch that to this of arrival at the geophones of the initial Seismic data, 

point has shorted the electrical leads of the EDC. The pmse sets are spaced at 29.55-second Intervals to 

thermal battery timer is preset to function, inde- make such identification possible without ambiguity, 

pendently, at 91 hours, 1 hour after the SAFE/ARM 

slide timer has placed the slide in its ARM position. A In the event of a dud, the SAFE/ARM slide timer 

spring-loaded firing pin within the timer is released, mechanism retracts a second pin and the slide moves 
striking a percussion primer within the battery and to a RESAFE position; this occurs at 92 hours, 2 

activating the battery. Concurrently, two micro- hours after initial release of the SAF'E/ARM slide. A 

switches within the timer are closed, connecting the linkage extending through the top cover of the explo- 

thermal battery output to the electric circuits. , sives package and connected to the SAFE/ARM sh'de 
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indicates to the astronauts that the slide is in its 
initial SAFE position. 

It should be noted that the explosives package is so 
designed as to eliminate any possibility of premature 
detonation endangering the lives of ground handling 
personnel or of the astronauts during deployment. 
The locking features of the pull pins and their order 
of removal preclude any mechanical timer-action out- 
put should either or both timers operate prematurely. 
Subsequent to pull-pin removal, premature detona- 
tion could occur only if both timers were to time out 
prematurely, each within a window of 2 hours, and if 
a pulse-coded spurious r.f. signal within the narrow 
10-kilohertz bandwidth of the receiver were to be 
received during the 3-minute window of maximum 
battery life. 

The LSPE geophones, which are identical to those 
used for the Active Seismic Experiment, are stowed 
in a geophone module as shown in Figure 5. The 
universal handling tool is used by tlie astronauts to 
carry this module to a deployment site about 30 feet 
away from the ALSEP Central Station. The tool 's 
also used to remove the module cover; to pick up, 
carry, and emplace the individual geophones; and to 
spool out the geophone cable, which is wound on a 
ball-bearing-supported reel.. 
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Figure 5 Geophone Module Deployment 





10. Lunar Seismic Profiling Experiment 

Robert L, Kovach^^ Joel S. Watkins}^ 
and Pradeep Talwani^ 


The successful installation of a geophysical station 
at the Taurus-Littrow landing site of the Apollo 17 
mission marked the culmination of an exciting period 
of manned lunar exploration and vastly improved 
current knowledge of the lunar interior. Before the 
Apollo 17 mission, there was a gap in our knowledge 
concerning the upper 10 km of the lunar crust 
because of the large hiatus in pertinent traveltime 
data between the coverage provided by the previous 
active seismic experiments on Apollo 14 and 16 and 
that of the earlier lunar module (LM) and SIVB 
impacts. In particular, it was not possible to resolve 
whether the seismic velocity increased smoothly or 
stepwise in the upper 5 km of the Moon. 

The purpose of the Apollo 17 lunar seismic 
profiling experiment (LSPE) was to record the 
vibrations of the lunar surface as induced by explo- 
sive cliarges, by the thrust of the LM ascent engine, 
and by the crash of the LM ascent stage. Analyses of 
these seismic data were planned to determine the 
internal characteristics of the lunar crust to a depth 
of several kilometers. The traveltirnes of seismic 
waves are inverted to determine the seismic velocity 
structure with depth and to provide the direct means 
of probing the lunar interior. A secondary objective 
of the LSPE was to monitor lunar seismic activity 
during periodic listening intervals. 

Strong seismic signals were recorded from the 
detonation of eiglit explosive charges that were armed 
and placed on the lunar surface by the crewmen at 
various points along the traverses. Recording of these 
seismic signals generated traveltime data to a distance 
of 2.7 km. 

One of the more significant events of the Apollo 
17 mission was the recording of the seismic signals 
from the LM ascent stage, which struck the lunar 


surface 8.7 km southwest of the landing site. The 
characteristic reverberation from tliis impact spread 
outward and was first detected at the Apollo 17 
station approximately 6 sec after impact. The seismic 
signals received from this impact provided a valuable 
traveltime datum for determining tlie variation of 
seismic velocity with depth in approximately the 
upper 5 km of the Moon. 

The most significant discovery resulting from the 
analysis of the data recorded by the LSPE is that the 
seismic velocity increases in a marked stepwise 
manner beneath the Apollo 17 landing site (fig. 10-1). 
A surface layer with a seismic velocity of 250 m/sec 
and a thickness of 248 m overlies a layer with a 
seismic velocity of 1200 m/sec and a thickness of 927 
m, with a sharp increase to approximately 4000 
m/sec at the base of the lower layer. The seismic 
velocities for the upper layers are compatible with 
those for basaltic lava flows, indicating a total 
thickness of approximately 1200 m for the infilling 
mare basalts at Taurus-Littrow. Major episodes of 
deposition or evolution are implied by the observed 
abrupt changes in seismic velocity, 


INSTRUMENT DESCRIPTION AND 
PERFORMANCE 

The LSPE consists of a geophone array, eight 
explosive packages, and electronics witliin tlie ApoUo 
lunar surface experiments package (ALSEP) central 
station. Four identical geophones are used in a 
triangular array; the geophones are miniature seismo- 
meters of the moving coil-magnet type. Tire coil is the 
inertial mass suspended by springs in the magnetic 
field. Above the natural resonant frequency of the 
geophones (7.5 Hz), the output is proportional to 
ground velocity. The LSPE geophone array was 
deployed without difficulty in the nominal configura- 
tion at the ApoUo 17 site approximately 148 m 


“Stanford University. 

^Tlie University of Texas at Galveston. 
'Principal Investigator. 
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FIGURE 10-1. -Seismic cross section at the Taurus-Littrow landing site (no vertical exaggeration). 


west-northwest of the LM (ftg. 10-2). Figure 10-3 is a 
photographic panorama from geophone 2 to the LM 
as viewed from geophone 3. 

A four-channel amplifier and a logaritlimic com- 
pressor condition the geophone signals before conver- 
sion into a digital format for telemetering to Earth. 
Because the LSPE signal levels are distributed 
througliout the dynamic range of the system, loga- 
rithmic compression is used. Tlds compression gives 
signal resolution as some constant fraction of signal 
amplitude. The logaritlimic compressor used in the 
LSPE has the transfer function 

V = ±M In \v. I -t- b' (10-1) 

out r lu I ' ' 

where V is voltage, the constant M determines the 
slope of the transfer function, and b' is specified by 
the dc offset of the compressor output and the system 
noise level. The values o[M and b' are determined by 
calibration of the system to provide at least 6-percent 
accuracy of tire data referenced to tire level of the 
input signal. The properties of tlie LSPE system are 
listed in tables lO-I and 10-11, and tlie nominal fre- 
quency response is shown in figure 10-4. The output 
of the logaritlimic compressor is referenced to 2.5 
Vdc. 

The analog output of the logaritlimic compressor ( 
is converted to a 7-bit binary element in the LSPE 
control electronics by an analog-to-digital converter 



Key: CS • central station 

HFE = heat flow experinent 
LEAM = lunar ejecta / id meteorites 
experiment 

TMS » lunar mass spectrometer 
,LSG = lunar surface gravimeter 
RTG ' radioisotope thermoelectric 
generator 

FIGURE 10-2. -The LSPE nominal deployment. 
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I ICil'Rf- 10-3. Pjnorama Irom pcophom- 2 lo the 1 M as viewed from hehinil ]>eophone 3 
(AS 1 7-1 47-22546. 22548. 22550.22552, 22554). 


TABl.I- lO-l. Apollo / 7 ISPH Characteristics 


Component eharai leiistU v 


Channei no. 


/ 

*> 

J 

4 

Ampliriers: 

Noise level, mV rms at input 

0.75 

0.75 

0.83 

0.83 

Dynamic- range, rms signal to rms noise 
in ilH at to 11/ 

73.4 

76.2 

75.6 

75.8 

Gcuphoncs: 

RcsLstanec, ohm 

5970 

5953 

6080 

6153 

Generator constant. V/m/scc at 40 H/ . . 

235.6 

239.2 

237.1 

235.3 

Natural trequcncy. 11/ 

7.38 

7.31 

7.40 

7.35 

System: 

Sipnal-to-noise ratio (rms signal lo rms 
noise in UH for a 6-nm rms signal at 
10 ll/l 

24.4 

26.9 

26.8 

26.8 

Amplitude sensitivity (measured at input 
to log compressor), V/gm of peak-to- 
fx-ak ground dcsplacement at 10 11/ . 

7.33 

7.02 

7.12 

7.13 


TAIU.F 1 0-11. -/..S'/’/- System Sensitivity 


Frequenev, 

Sensitivity, Vfyi/n 

Hz \ 

Channel / 

Channel 2 

Channel 3 

C fmnnel 4 

1 

0.1 

0.1 

0.1 

0.1 

2 

.7 

.8 

.8 

.8 

3 

1.7 

1.7 

1.7 

1.7 

4 

2.4 

2.5 

2.5 

2.5 

6 

4.3 

4.2 

4.3 

4.3 

8 

6.0 

5.8 

5.9 

5.8 

10 

7.3 

7.0 

7.1 

7.1 

15 

10.9 

10.5 

10.6 

10.6 

20 

13.2 

12.8 

1 

12.8 

13.0 


and transmitted to Earth through the AI..SEP com- 
munications network. The 7-bit binary encoding 
provides for an amplitude resolution of 1 .277 dll 
(^16 percent). Each geophone channel is sampled 
1 18 times/scc to provide a minimum of 5 .samples/scc 
at a frequency of 20 11/. 

Digital Portions of the LSPE 

The data format used is shown in figure 10-5. A 
data frame consists of three subframes, each consist- 
ing of twenty .30-bit words. The first word of each 
subframe consists of one 10-bit synchronous word 
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FIGURE 104.— Nominal frequency response of the LSPE. 


, Amplifier gain 
/ status 


E 



10 15 20 25 30 


Sync word I G-1 1 G-2 1 G-3Ta 


nai 


warn 


'■39 


■BM 

KEB6 

'msm 



BOB 

lEa 

■39 


■39B 

Sync wordi G-llG-21 



EB9 

G-3 


na 

MBM 

G-3 


Sync wordi G-ll G-21 

3991 

■39 

IBSh 

G-3 


K5* 

■ISi 



— Each frame is 1800/3533 sec— | 


V/ / 
R/ 


RF fire pulses 
on/off 

-Engineering 
data 

Subframe 

marking 

— Same as 
subframe I 
''''Subframe 
marking 

'''•Same as 
V subframe 1 
''Subframe 
marking 

G = geophone 
Sync = synchronous 



Notes: (1) Pull ring 1 - pulls one pin to start SAFE/ARM slide timer 

(2) Pull ring 2 - swing up ring; rotate 90° counterclockwise; 

pull pin to release SAFE/ARM plate 

(3) Pull ring 3 - pull s two pins to free firing pin and start 

thermal battery timer 


FIGURE 10-5.— The LSPE data format. Each data frame 
consists of three subframes of twenty 30-bit words each. 
Geophono data words are normally 7 bits long except for 
those in word 1, which are 5-bit samples. 

and one 5-bit seismic data sample front each of the 
four seismic data channels. Words 2 to 20 of each 
subframe are 7-bit samples from each of the four 
seismic data channels. Engineering data are inter- 
leaved and subcommutated, using the remaining 2 
bits to form 30-bit words. 

In words 2 to 19, geophone samples are sampled 
on the bit preceding the word on which they are read 
out; the most significant bit is read out first. In the 
first word of each subframe, the timing of the data 
sampling is the same as that in words 2 to 19 except 
that the samples are stored and read out in the last 20 
bits with one 5 -bit word/channel. 

The time of the RF fire pulses must be accurately 
known. When the LSPE is commanded to the fire 


FIGURE 10-6.-Atming sequence for an LSPE explosive 
package, 

pulses “on” mode, a fire pulse set is transmitted once 
every 29.55 sec and is flagged in word 3 of subframe 
1. This occurs once every 58 frames. 

A command system provides for 11 commands 
associated with the LSPE. Two commands turn the 
LSPE on and off; two commands control the bit rate; 
and two commands control down-link formatting, In 
addition, commands are used to control amplifier 
^n status, transmission of fire pulses, and calibration 
of the geophones. 

Explosive Package Description 
and Performance 

An LSPE explosive package is shown in figure 
10-6. The ei^t explosive packages are identical 
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except for the amount of Iiigh explosive and the 
preset runout time of the mechanical timers. An 
explosive package is activated by removing three pull 
pins (fig. 10-6). Removal of the first pull pin activates 
the SAFE/ ARM slide timer, which is preset at 89.75, 
90.75, 91.75, or 92.75 lu. Removal of tlie second 
pull pin releases the SAFE/ARM slide from its 
constrained SAFE position. Removal of the third pull 
pin removes a constraint on tire firing pin and 
activates the thermal battery timer. 

The LSPE transmitter, which is located within the 
ALSEP central station, transmits a repetitive pulsed 
carrier signal. A series of three pulses properly spaced 
in time is required to eUcit a FIRE signal from the 
signal processor within the explosive package and to 
detonate the explosives train. The thermal battery, 
activated by the timer, has a minimum hfe of 2 min. 
This 2 min provides a time window long enough to 
ensure that at least one fire pulse set is received while 


the explosive package is energized electrically. Be- 
cause the seismic data subsequently collected must be 
accurately referenced to the Instant of detonation, it 
is necessary to establish which specific set of pulses is 
effective. This is done by comparing known times of 
pulse-set transmission with the time of arrival at the 
geophones of the initial seismic data. Pulse sets are 
spaced at 29.55-sec intervals to make such identifi- 
cation possible without ambiguity. 

No difficulty was experienced in the deployment 
of the explosive packages during the periods of 
extravehicular activity (EVA) (fig. 10-7). The 454-g 
explosive package (EP-6) was deployed at station 1, 
and the 227-g explosive package (EP-7) was posi- 
tioned on the return to the LM. from station 1. 
Explosive packages 4, 1, and 8 were armed and placed 
on the lunar surface during the second EVA. During 
the third EVA, explosive packages 3, 5, and 2 were 
deployed. It was necessary to place the 1361-g 


xS 



FIGURE 10-7.-ExUavehiQular activity traverses shomng positions of deployed explosive packages at 
the ApoUo 17 landing site. 



1 ()-(. 


Al’OI lO 17 I’Kl I.IMINAK^ S( II \C I Kl l*()KI 


explosive package (H’-5) at station ‘l wfien it became 
apparent tliat insufficient time remained tor a visit to 
the crater Sherlock. All the explosive packages were 
successfully detonated (table lU-lll). and the detona- 
tion of i;P-7 was visible from the television camera on 
the lunar roving vehicle (I KV). Figu e lO-X is a 
photograph showing l.P-8 on the lunar surface 
appioximately 29b m west of the I M. 

DESCRIPTION OF RECORDED 
SEISMIC SIGNALS 

Tile .Apollo 17 LSPi; was planned to contribute to 
the understanding of the shallow lunar structure in 
two major ways ( I ) by providing travcltimes of the 
seismic signals from explosive packages, which were 
to be detonated on the lunar surface at distances 
ranging from l(X) to 2700 m, to the l.SPl- geophoiie 
array and (2) by impacting the Apollo 17 l.M at a 
nominal dLstance of 10 km to provide traveltime data 
for deciphering the variation of seismic velocity with 
depth in the upper 5 km of the Moon. In addition, 
monitoring of the .seismic signals generated by the I M 
ascent engine at lunar lift-off provided useful data. 

Lunar Module Ascent 

Tlie l2sPr was commanded on at 22:24 (X) ti .m.i. 
on December 14, 1972, to record the impulse 
produced by the thrust of the l.M ascent engine. The 
effective zero time for the seismic impulse from the 
l.M ascent-engine ignition was determined from 
NA.S.A postllight analyses, which gave engine buildup 
pressure data at 5-msec intervals for the l.M lift-off 
The assigned ignition time of 22:54 :.tS.424 Ci.m.t. 


I AHl !■ 10-111. nchmatum Times of Hxphmvc 
Tat kages 



1 ( 

1 

Charge no. 

! xphisiw wt'tjfht. 

Date. /v72 

t'ime. G.m t. 

1 P-6 

454 It) 

Dec. IS 

1 

23 48 14.56 

fP-7 

227 ( 1/2) 

IKs.. I(> 

02 17:57.1 1 

fP-4 

57 (l/«) 

1 Vl If) 

, |9:()8 .34.67 

1 ft 

2722 It.) 

tv. . 1 7 

(to 4 2 36.79 

IPS 

1 1 3 I 1 '4 1 

! IV. 17 

03 45.46.08 

IPS 

l.3(.| (3) 

Dec 17 

23.16 41 (16 

r l>-2 

1 13 It 4i 

1 l>e. IK 

00 44:56.82 

I I' .1 

57(1/8) 

IVc. IH 

L 

03 (17 22.28 



• ' S' - * ' Me ' 

I K'tURl Ul-K. Photopaph nl I •’.Hon the lunar surlaec 2‘Xi 


tn west ol the 1 .M I.A.SI 7-145-22IS4I. 

corresponds to the time when ihe l.M asceni engine 
achieved 20 percent of its maxinmm propulsion 
pressure. Clear seismic signals were recorded b\ the 
I .Sl’E geophone array at distances of I4S, 244. 190. 
and 187 m (fig. 10-9). Interpretation of the travel- 
time data is presented in the subsection entitled 
“.Shallow Lunar Stiucture.” 

Lunar Module Impact 

Tlie 1.SIM- was commanded on at Otr .tb.OO li.m.t. 
on IX’cember 15 to rcciird iLe IM ascent-stage 
impact, llie impact occurred at latitude 19,9] N, 
longitude .t<).5l° L. 8.7 km southwest of the . Apollo 
17 landing site. Olhei ;x.‘rtmeni paiameteis foi the 
I M impact are given in table lO-IV. 

.A ixrrtion ol the seismic signal Irom the -Ai>ollo 17 
I M impact is showai m tlgiirc 1 010 in a compressed 
time scale. The impact signal is similai in chaiacter to 
previous impact signals, that is, these signals have an 
emei'gcnt beginning and a long duration. The initial 
portion of the impact signal on an expanded time 


I'^HI 


LUNAR SEISMIC PROFILING EXPERIMENT 


10-7 



FIGURE 10-9,— Seismic signals recorded by the LSPE geophones from the lift-off of the Apollo 17 
LM ascent stage (Dec. 14). Arrows point to onset of the first seismic arrival. 


TABLE \ .^Parameters of Apollo 17 LM Impact 


Parameter 

Value 

Day, G.m.t 

Dec. 15, 1972 

Range time,® G.m.t., hr:min:sec ..... 

06:50:20.84 

Real time, G.m.t., hr:min:sec . 

06:50:19.60 

Velocity, km/sec 

1.67 

Mass, kg 

2260 

Kinetic energy, 1 

3.15 X 10’ 

Heading, deg . , . ..... 

283 


^Range time is the time the signal of the event was ob- 
served on Earth. 


scale is shown in figure 10-11. The arrival time of the 
first compressional wave (P-wave) is marked at 
06:50:25.35 G.m.t., giving a traveltime of 5.75 sec. 

The amplitude of the impact signal is of interest 
when compared with the P-wave amplitudes for 
previous LM and SIVB impact signals, Comparison of 
previous LM impact and SIVB impact signal arnpli- 
tudes demonstrated that the LM impact data had to 
be adjusted upward by a factor of 17.4 to allow for 
the lower kinetic energy and a shallower angle of 
impact. Extrapolating the earlier LM impact data to a 
distance of 8,7 km leads to a predicted peak-to-peak 
amplitude of 26 nm. The Apollo 1 7 LM impact signal 
is centered at 4 Hz and has a measured peak-to-peak 
amplitude of 400 nm. This amplitude was caused by 


P-wave 


0.04 V 



Begins at 06:50:14.027 G.m.t. 

FIGURE lO-lO.-Compressed time-scale record of the seismic 
signal received from the ApoUo 17 LM impact (Dec. 15). 
Arrows point to measured first and second seismic 
arrivals, ■ 


the Apollo 17 LM ascent stage striking clre side of the 
mountainous Sputli Massif rather than grazing the 
lunar surface. In other words, if the predicted 
amplitude of 26 nm is multiplied by the factor 17.4, 
the resulting figure is 452 nm, wliich agrees well with 
the observed amplitude of 400 nm. The LM impact 
traveltime data are discussed in the subsection entit- 
led “Shallow Lunar .Structure.” 
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Distance, iii 

FIGURE 10-1 3. -Seismic arrivals from the detonation of the explosive charges plotted on a 
traveltime/ distance graph. 


to-receiver distance. However, it is probable that the 
regolith is significantly thinner than 25 m, inasmuch 
as the 250-m/sec velocity curve extrapolates to a zero 
intercept time. 

The faster seismic arrival with a velocity of 1200 
m/sec was observed beginning at a distance of 612 m, 
indicating that the thickness of the 250-m/sec mater- 
ial was 248 m. Considering uncertainties in the charge 
distances and in the inferred seismic velocities, the 
depth estimates are considered accurate to 10 per- 
cent. The 1200-m/sec velocity was observed to a 
distance of approximately 2,5 km. At this distance, 
the observed traveltimes for EP-1 were offset by 
approximately 0.5 sec with respect to the 1200-m/sec 
line. 

Examination of the path between EP-1 and the 
LSPE geophone array revealed that the seismic path 
was affected by the presence of the 600-m-diameter 
crater Camelot. The observed time delay on the 
seismic path can be explained, by postulating that 
low-velocity material extends to a greater depth 
beneath the crater Camelot than along the remainder 
of the traveltime path, A simple model approxima- 
tion for Camelot Crater that explains the observed 
traveltime delay is shown in figure 10-14. 

The traveltime data from the LSPE explosive 
charges can be combined with the observed traveltime 
for tile LM impact to provide information about the 
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FIGURE 10-14.— Model approximation for seismic ray path 
from EP-1 to LSPE array that crosses Camelot Crater. 
Observed time delay is produced by presence of low- 
velocity material (of thickness Z) beneath crater. 

seismic velocity to a depth of several kilometers. 
Traveltime data from the seismic signals produced by 
the LM impact and the explosive charges are shown in 
figure 10-15. A line with an apparent velocity of 4 
km/sec can be fitted through the LM impact data 
point to intersect close to the corrected traveltime 
data point for EP-1. Because of obvious uncertainties 
in allowing for the time delay .♦hrough the crater 
Camelot, there is no a priori reason to force a specific 
apparent-velocity line through the EP-1 data point. 
The first-order conclusion is that high-velocity mater- 
ial («4 km/sec) must lie beneath the 1200-m/sec 
material. 
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FIGURE 10-15.— Seismic tiaveltimes from LM impact and 
LSPE explosive charges. Tiaveltime for EP-1 has been 
corrected for Camelot Crater delay, and LM impact 
traveltime has been conected for 1.2-lcm elevation dif- 
ference between the impact point and the LSPE array. 
These corrections shift the position of the 4-km/sec 
apparent velocity sli^tly downward as shown. 

Inasmuch as the LM impacted at an elevation of 
1 .2 km (fig. 10-1) above the valley floor at the Apollo 
17 landing site, tire LM impact traveltime can be 
adjusted to the same reference elevation as the LSPE 
geophone array. The 1.2-im difference in elevation 
contributes an additional delay time equal to the 
ratio of the elevation difference to the seismic 
velocity of the material traversed multiplied by tire 
cosine of the angle of incidence at which the 
particular seismic arrival under consideration de- 
parted the source (impact point). Inserting the 
appropriate values in this case leads to a time 
correction of 0.18 sec. This correction will shift the 
position of the 4-km/sec apparent-velocity line down- 
ward as shown in figure 10-15 such that its zero 
distance time intercept is decreased. The end result is 
a decrease in the derived thickness of the r200-m/sec 
material from 1020 to 927 m. 

It is possible that a dipping interface exists 
beneath the 1200-m/sec material that might result in 
a high apparent velocity, of that the particular seismic 
ray passed tlrrough a high-velocity heterogeneity 
somewhere along its path. Some of the uncertainty 
may be resolved by subsequent digital velocity 
filtering (beam steering) of the LM impact signal on 
the LSPE array. 


Terrestrial 

sands^ 



FIGURE 10-16. -Inferred compiessional-wave velocity pro- 
files for the Moon and velocities of lunar and terrestrial 
rocks measured in the laboratory as a function of 
pressure. Lunar rocks ate identified by sample number. 
Lunar models 1 and 2 are based on results available 
through Apbllo 16. Apollo 17 results reveal a marked 
stepwise increase in seismic velocity in the upper 2 km of 
the Moon. 

Before tlie Apollo 17 mission, the best estimates 
of the seismic velocity variation in the upper 20 km 
of the Moon were as depicted by lunar model 1 or 2 
in figure 10-16. The seisnuc velocity was known to 
increase very rapidly from values of 100 to 300 m/sec 
in approximately the upper 100 m to a value of «4 
km/sec at a depth of 5 km. Even thougli the seismic 
velocity variation was depicted as a smooth increase 
with depth, it was surmised (ref 10-5) that such a 
rapid increase of velocity («<2 km/sec/km) could not 
be explained solely by the pressure effer;t on dry 
rocks with macrocracks and microcracks nor by the 
self-compression of any rock powder. 

Laboratory velocity measurements on returned 
lunar soils (refs. 10-6 to 10-10) and tecent measure- 
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merits under hydrostatic pressure conditions on ter- 
restrial sands and basaltic ash have indicated velocity- 
depth gradients of 0.4 to 0.8 km/sec/km, but such 
gradients occur only to pressures of «s50 X 10® N/m* 
(a lunar depth of «1 km). The measurements on 
unconsolidated sands and rock powders also have 
demonstrated that no unique relation exists between 
seismic velocity and porosity in granular material. An 
examination of these experimental data led to the 
inference that compositional or textural changes must 
be important in the upper 5 kin of the Moon (ref. 
10-5). 

The LSPE Results have shown that, at least beneath 
the Taurus-Iittrow site, the seismic velocity increases 
in a stepwise manner in the upper several kilometers. 
It is of interest to examine the in situ velocity 
information with reference to the surface geological 
investigations at the Apollo 17 site, the laboratory 
velocity measurements from returned lunar samples, 
and the seismic velocity measurements on terrestrial 
lunar analogs. 

Premission analyses indicated that much of the 
Apollo 17 landing site area is covered by a dark 
mantling material, possibly volcanic ash (ref. 10-11), 
Crew observations of the lunar surface revealed that 
there was no readily discernible boundary between 
the Overlying thin regolith and the dark mantling 
material. The tliickness of the dark mantling material 
was estimated to be between 5 and 10 m(ref. 10-3). 
As pointed out earlier, whether the dark mantling 
material/subfloor interface represents a sharp seismic 
discontinuity or is gradational cannot be determined 
because the shortest explosive-charge-to-receiver dis- 
tance was approximately 100 m. 

The dominant rock type observed underlying the 
dark mantling material is a medium-grained vesicular 
basalt believed to be primarhy mare-type basalt. Crew 
observations of the crater walls revealed textural 
variations that suggest the involvement of individual 
flow units. Seismic observations have indicated 248 m 
of 250-m/sec material overlying 927 m of 1200-m/sec 
material. 

The abrupt change in seismic velocity from 250 to 
1200 m/sec and, by inference, in other physical 
properties suggests a major change in the nature of 
the evolution or deposition of the Apollo 17 subfloor 
basalts. However, a similar range of seismic velocities 
has been observed with refraction surveys on terres- 
trial lava flows. Some insiglit can be gained by 
considering specific lava flows that have been exam- 


ined in some detail as possible lunar analogs: the 
Southern Coulee, the SP flow, and tire Kana-a flow 
(refs. 10-12 and 10-13). 

The Southern Coulee is a recent lava flow near the 
Mono Craters in eastern California. Seismic velocities 
range from 160 m/sec at the surface to 2000 m/sec at 
depth. The higher velocities are found in more 
competent, denser lava that underlies higher porosity, 
lower density surface material. The SP flow is a 
blocky basalt flow located in tire northern part of the 
San Francisco volcanic field near Flagstaff, Arizona. 
Vesicularity ranges from 5 to 50 percent, and in situ 
seismic velocities range from 700 to 1100 m/sec. The 
Kana-a flow, also located near Flagstaff, is an olivine 
basalt flow intermingled with ash; seismic velocities 
range from 700 to 1200 m/sec. 

Observed velocities on terrestrial lava flows 
bracket the velocities measured at the Apollo 17 site 
and therefore support the presence of lava flows in 
the TauruS'Littrow valley. Whether the 250-m/sec 
velocity is representative of a separate flow or is 
merely the manifestation of shattered near-surface 
basalts mixed with pyroclastic materials cannot be 
resolved from the seismic data. Nevertheless, a surface 
layer of fractured, loose, blocky material merging 
into more welded flows is a common occurrence on 
Earth. Photographs of the walls of Hadley Rifle (ref. 
10-14) also attest to the blocky nature of the 
near-surface mare basalts. Because of the similarity in 
structure and the analogous seismic velocities on the 
Earth and the Moon, the sum of the 248 m of 
250-m/sec material and 927 m of 1200-m/sec mater- 
ial, 1175 m, is designated as representing the full 
thickness of the subfloor basalts at the Apollo 17 site. 

The material underlying the basalts with a seismic 
velocity of «*4 km/sec is difficult to classify by rock 
type. Based on the geological evidence, it seems likely 
that the highland massif material that rings the 
narrow, grabenlike valley at the Apollo 17 site 
tinderiies the basalt flow or flows. Several rock types 
were recognized in tlie North and South Massifs, but 
the dominant rock type is apparently a coherent 
breccia believed to be similar to the breccias sampled 
at the Apeimine Front (Apollo 15) and at Descartes 
(Apollo 16). 

Laboratory velocity measurements have been re- 
ported for two ApoUo 15 breccias, 15418 and 15015 
(ref. 10-15). Sample 15418 is described as a dark-gray 
breccia of chemical composition similar to that of 
anorthite-rich gabbro. Sample 15015 is amore friable 
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breccia of unknown composition. The in situ value of 
km/sec is close to the seismic velocities measured 
in the laboratory for sample 15015 and shown in 
figure 10-16, 

CONCLUSIONS 

Before the Apollo 17 mission, the question of how 
the P-wave velocity increased from 100 to 300 m/sec 
near the surface (refs. 10-16 to 10-19) to «6 km/sec 
at a depth of 15 to 20 km (ref. 10-2) was unex- 
plained. The main reason for the uncertainty was the 
gap in traveltime data between the range of a few 
hundred meters (previous active seismic experiments) 
and 67 km (Apollo 14 LM impact as recorded by the 
Apollo 14 passive seismic experiment). The Apollo 17 
lunar seismic profiling results have demonstrated that 
the seismic velocity increases in a sharp stepwise 
manner in the upper 2.5 km. A surface layer with a 
seismic velocity of 250 m/sec overlies a layer with a 
velocity of 1200 m/sec. Beneath the 1200-m/sec 
layer, the seismic velocity increases sharply to 4000 
m/sec. The velocities of 250 and 1200 m/sec agree 
with those observed for basaltic lava flows, indicating 
a total thickness of approximately 1200 m for the 
infilling mare basalts at Taurus-Littrow. When the 
Apollo 17 results are combined with earlier travel time 
data for direct and surface-reflected seismic arrivals 
from LM and SIVB imjpacts (ref. 10-2), it will be 
possible to construct a velocity model for the upper 
lunar crust believed to be representative for a mare 
basin. Such work is now imderway. 
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Apollo 17 Seismic Projfiling: Probing the Lunar Crust 

Abstract. Apollo 17 seismic data are interpreted to determine the structure of 
the lunar crust to a depth of several kilometers. Seismic velocity increases in a 
marked stepwise manner beneath the Taunis-Littrow region at the Apollo 17 
site. A thickness of about 1200 meters is indicated for the infilling mare basalts 
at Taurus-Littrow, The apparent velocity is high (about 4 kilometers per second) 
in the material immediately underlying the basalts. 


The successful installation of a geo- 
physical station at the Taurus-Littrow 
landing site of the Apollo 17 mission 
marked the culmination of an exciting 
period of manned lunar exploration and 
vastly improved our knowledge of the 
lunar interior. Before the Apollo 17 
mission there was a surprising gap in 
our knowledge concerning the nature 
of the upper 10 km of the lunar crust 
because of the absence of pertinent 
seismic travel time data at distances 
closer than 30 km. Travel times of seis- 
mic waves are inverted to determine 
the seismic velocity structure and pro- 
vide the direct means of probing the 
lunar interior. 

The seismic velocity in the moon was 
known to increase rapidly from values 
of 100 to 300 m/sec in the upper 100 
m to a value of about 6 km/sec at a 
depth of 15 to 20 km. Even though the 
seismic velocity variation was believed 
to be a smooth increase with depth it 
was surmised (1) that such a rapid in- 
crease of velocity (approximately 2 
km/ sec per kilometer) could not be 
explained solely by the effect of in- 
creasing pressure on dry rocks with 
macroscopic and microscopic cracks or 



Fig. 1. Travel times of seismic P-wave 
pulses as a function of distance for Apollo 
17 explosive charges and the LM impact. 
The data points defining the 250-m/sec 
line are omitted for brevity. The travel 
time for explosive package 1 (EPl) was 
corrected for propagation delay through a 
large crater, Cameloi, and the XM impact 
travel time was corrected for an elevation 
effect. 


by the self-compression of any granular 
rock powder. 

Laboratory velocity measurements on 
returned lunar soils and on terrestrial 
sands and basaltic ash (2 ) have indi- 
cated velocity-depth gradients of 0.4 to 
0.8 km/sec per kilometer, but such 
gradients occur only to pressures of 
about 50 bars (corresponding to a lunar 
depth of about 1 km). An examination 
of these experimental data led to the 
inference that compositional or textural 
changes must be important in the upper 
5 km of the moon (i). 

The purpose of the Apollo 17 lunar 
seismic profiling experiment was to re- 
cord on a triangular array of four 
seismometers the vibrations of the lunar 
surface as induced by explosive charges, 
the thrust of the lunar module (LM) 
ascent engine, and the crash of the LM 
ascent stage. 

Strong seismic signals were recorded 
from the detonation of eight explosive 
charges, which were armed and placed 
on the lunar surface by the Apollo 17 
crew at various points along the tra- 
verses. The weights of the explosive 
charges ranged from 0.06 to 2,7 kg. 
Recording of these signals generated 
seismic travel time data in the distance 
range from 0.1 to 2.7 km. 

One of the more significant events 
of the Apollo 17 mission was the re- 
cording of the seismic signal from the 
LM ascent stage, which struck the lunar 
surface 8.7 km southwest of the landing 
site in the highlands of the South Mas- 
sif. The seismic signals from this impact 
were observed at a greater depth of 
penetration than could be achieved 
solely with the use of small explosive 
charges. The impact signal was similar 
in character to previous impact signals, 
having an emergent beginning and a 
long duration (5, 4). 

The observed travel times for the 
detonation of the explosive charges can 
be combined with the observed travel 
time for the LM impact to provide in- 
formation about ?the seismic velocity to 
a depth, of several kilometers beneath 
the Apollo 17 landing site. Since the 
LM impacted at an elevation of 1.2 


km above the recording seismometer 
array the LM travel time has been ad- 
justed to the same reference elevation 
as the geophone array. The correction 
is small and decreases the observed 
time of 5.75 seconds by 0.18 second, 
Travel time data from the LM impact 
and the explosive charges are plotted 
against distance in Fig. 1. Three P-wave 
(compressional wave) velocities are 
represented in the travel time data; 250, 
1200, and 4000 m/sec. There is some 
uncertainty in the apparent velocity of 
4000 m/sec determined primarily by 
the LM impact data point at a distance 
of 8.7 km, but the important fact is 
that high-velocity material (^ 4000 m/ 
sec) must lie beneath the 120O-m/sec 
material. The 1200-m/sec material is 
925 m thick and it is overlain by a 
layer with a thickness of 248 m and a 
velocity of 250' m/sec. 

Our results have shown that, at least 
beneath the Taurus-Littrow site, the 
seismic velocity increases in a stepwise 
manner in the upper several kilometers. 
It is of interest to examine our in situ 
velocity information in the light of the 
surface geological investigations at the 
Apollo 17 site, laboratory velocity mea- 
surements from returned lunar samples, 
and seismic velocity measurements on 
terrestrial lunar analogs. 

Premission analyses have, shown that 


Velocity (km/sec) 



Fig. 2. Velocity model from the Apollo 17 
results compared to earlier lunar models 
[models 1 and 2 (4)] and to velocities for 
lunar rocks and terrestrial sands measured 
in the laboratory as a function of pressure. 
Lunar rocks are identified by sample 
numbers. 
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much of the Apollo 17 landing site 
area is covered by a dark mantling 
material. Observations by the Apollo 17 
crew on the lunar surface revealed that 
any boundary between an overlying 
thin regolith and the dark mantling 
material was not readily discernible. 
Because our closest distance between 
an explosive charge and the receiver 
was about 100 m we could not resolve 
the properties of the upper 20 m or 
so, and cannot determine whether the 
interface between the dark mantling 
material and the subfloor represents a 
sharp seismic discontinuity or is grada- 
tional, However, our data indicate that 
any horizon, if present, would be less 
than 20 m from the lunar surface. 

Underlying the dark mantling ma- 
terial the dominant rock type observed 
by the Apollo 17 crew is a medium- 
grained vesicular basalt believed to be 
primarily mare-type basalt. Observa- 
tions in crater walls revealed textural 
variations, suggesting that individual 
flow units are involved. Our seismic 
observations have indicated 248 m of 
250-m/sec material overlying 925 m of 
1200-m/seC material. 

The abrupt change in seismic velocity 
(and, by inference, in other physical 
properties) from 250 to 1200 m/sec is 
suggestive of a major change in the 
nature of the evolution or deposition of 
the Apollo 17 subfloor basalts. How- 
ever, a similar range of seismic veloci- 
ties is observed with refraction surveys 
in lava flows on the earth ( J) . 

The velocities observed in terrestrial 
lava flows bracket the velocities mea- 
sured at the Apollo 17 site and there- 
fore support the presence of lava flows 
in the Taurus-Littrow valley. Whether 
the velocity of 250 m/sec is representa- 


tive of a separate flow or several flows 
separated by lower-velocity layers of 
ash or ejecta cannot be resolved from 
the seismic data. Individual flows may 
be fractured or brecciated, which could 
further decrease their seismic velocities. 
Surface layers of fraetured loose blocky 
material merging into more welded 
flows are common occurrences on the 
earth. We believe that the iplal thick- 
ness of the materials with seismic veloci- 
ties of 250 and 1200 m/sec (1173 m) 
represents the full thickness of the sub- 
floor basalts at the Apollo 17 site (6). 

The nature of the 4000-m/sec ma- 
terial underlying the basalts is diflicult 
to unambiguously assign to any particu- 
lar rock type. It seems likely, based on 
the geological evidence, that the high- 
land massif material which rings the 
narrow graben-like valley at the Apollo 
17 site underlies the basalt flow or 
flows. Several rock types were recog- 
nized in North Massif and South Massif 
but the dominant rock type is apparently 
a coherent breccia believed to be sim- 
ilar to breccias sampled at the Apennine 
front (Apollo 15) and Descartes (Apollo 
16),. 

Laboratory velocity measurements 
have been reported for two Apollo 15 
breccias, 15418 and 15015 (7). Sam- 
ple 15418 is described as a dark grey 
breccia of chemical composition similar 
to anorthite-rich gabbfo. Sample 15015 
is a more friable breceia of unknown 
composition. The in situ value of ap- 
proximately 4000 m/sec is close to the 
values measured in the laboratory for 
sample 15015, 

Before the Apollo 17 mission the 
question of how the P-wave velocity 
increased from 100 to 300 m/sec near 
the surface to about 6 km/ sec at a 


depth of 15 to 20 km was most un- 
certain, The Apollo 17 lunar seismic 
profiling results (Fig. 2) have demon- 
strated that the seismic velocity in- 
creases in a sharp stepwise manner in 
the upper 2.5 km. When our Apollo 17 
results are combined with earlier travel 
time data for direct and surface-reflected 
arrivals from earlier L.M and Saturn 
(S-IV B) impacts it will be possible to 
construct a velocity model for the upper 
lunar crust representative for a lunar 
mare basin. 

Robert L. Kovach 
Depai'tmem of Geophysics, Stanford 
University, Stanford, California 94305 
Joel S. Watkins 
Marine Biomedical Institute, 

University of Texas, Galveston 77550 
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Abstract— Seismic investigation of the lunar regolith shows that the regolith consists of a layer with an 
average velocity of 105 m/sec. Seismically deterrnined regolith thicknesses in the highlands average 
10 m, about twice the thickness deduced from astronaut observations and photographs from the maria. 
The difference in thickness is thought to be due to a depositional rate about one order of magnitude 
greater during the interval between formation of the circular maria and the extrusion of mare basalts 
than during the po.st-extrusion interval. 

Seismic velocities observed in the regolith indicate that the regolith consists primarily of impact 
derived ejecta. The regolith at the Apollo 17 site is anomalously thick, probably because the site is in 
the midst of a crater field and because of irregularities in the surface of the underlying subfloor basalt. 
The Apollo 17 seismic data do not support the compacted powder model of the lunar near surface but 
show that the lunar crust to a depth of over 1 km consists of horizontal or subhorizontal strata 
comprised of breccia, lava flows, and rock. 

Introduction 

Seismic data pertaining to the lunar regolith were obtained at all but the Apollo 1 1 
site. On missions 12, 14, and 15, the Passive Seismic Experiment (PSE) provided 
seismic data from the regolith; on missions 14 and 16 the Active Seismic Experi- 
ment (ASE) provided the seismic data, and on mission 17. the Lunar Seismic 
Profiling Experiment (LSPE) provided the data. 

The ASE included a low energy source of seismic energy designed primarily to 
obtain seismic data from the regolith. The other experiments gleaned data inciden- 
tally in the course of their primary missions of collecting seismic data from rocks 
beneath the regolith. 

Data analyzed to date consist entirely of P-wave travel times. From these data 
it has been possible to deduce velocities of P-v/aves traversing the regolith and/or 
regolith thicknesses at each site except the Apollo 17 site. At this site it was 
possible only to obtain a maximum thickness. 

The seismic data have been interpreted in terms of rock properties and rock 
structure. The interpretation is based on properties of similar terrestrial rocks 
(e.g., basaltic lavas, fragmental rocks and breccias at Meteor Crater, Arizona), 
theoretical models, and geological evidence. In this paper, we review seismic data 
obtained during the Apollo missions, discuss the model of the regolith which we 
feel best explains the data, and discuss some of the implications of the data. 
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Experimental Results 

Astronauts deployed the PSE on Apollo missions 12, 14, 15, and 16. On 
missions 12, 14, and 15, the PSE short period vertical (SPZ) seismometer recorded 
the LM ascent. In each instance, a regolith arrival was observed (Latham et ai, 
1970, 1971, 1972). Rcgulith P-wave velocities were 108 m/sec, 104m/sec, and 
92 m/sec. Since each ascent was recorded by only one instrument, it was not 
possible to deduce the thickness of the regolith. 

On Apollo 14 and lo, astronauts deployed the ASE, an experiment which de- 
pends on explosives for seismic energy. The ASE consists of a thumper, a mortar 
package assembly (MPA), a linear array of 3 geophones, and associated elec- 
tronics (Kovach, 1967; McAllister et ai, 1969; Watkins et al., 1969). The thumper, 
which was designed to investigate the regolith, is an astronaut-activated staff con- 
taining 21 small explosives in its base. Firing of an explosive produces seismic 
energy by driving the base plate into the regolith or “thumping” the regolith sur- 
face. A pressure transducer in the base detects the instant of detonation. The 
geophones detect seismic waves radiating away from the thump via the regolith 
and subjacent strata. ASE electronics compress the geophone data and transmit it 
to the earth in real time. 

Mortar launches provide additional data on the seismic properties of the re- 
golith, Although the MPA was designed to provide seismic data from rocks below 
the regolith, mortar launches generate a detectible signal which travels through 
the regolith and immediately subjacent rocks. These signals were used in analysis 

WEST EAST 



Fig. 1. Arrival time observed from headwaves refracted from EP-2, -3, -4, -8, and LM 
ascent events; and arrival time ranges calculated for headwaves refracted by a layer 
1 7.4 m beneath geophone 3 and dipping 3° East. 
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of Apollo 16 data (Kovach et al., 1973a). LM ascent data were recorded by the 
ASE at the Apollo 16 site (Kovach et al., 1973a) and used in the interpretation. 
ASE data from Apollo 14 and 16 sites yielded regolith velocities of 104 and 
1 14 m/sec, respectively, and regolith thicknesses of 8.5 and 12.2 m, respectively. 

The LSPE consisted of 4 geophones deployed in a triangular array, eight 
explosive packages (EP), and associated electronics. All EPs were deployed too 
far from the array to obtain first arrivals of the regolith P-wave. It is possible 
that examination of second arrivals will yield the velocity of the regolith in the 
vicinity of the LSPE array but examination of second arrivals to date has been 
cursory and inconclusive. 

The first arrivals from explosives detonated near the Apollo 17 LSPE array at 
Taurus-Littrow are shown in Fig. 1. The pattern of arrivals differs in two impor- 
tant respects from the pattern of arrivals recorded by the ASE at the Apollo 14 
and 16 sites. -..i 

The first important difference is that velr^dties calculated from waves travers- 
ing the array are significantly higher than the velocities calculated from arrivals at 
more distant EPs (850 m/sec vs. 280 m/sec). This phenomenon we attribute to the 
“thin-layer” effect. When a layer has a velocity higher than that of layers above 
and below, arrivals from the layer will mask arrivals from lower layers. The extent 
of masking depends on velocities and thicknesses of the layers. If the high veloc- 
ity is thin (less than a wave length thick) energy will leak from the bottom of the 
layer at a relatively high rate. As a result, the amplitude of the refracted wave will 
attenuate more rapidly with distance than it normally would. The refracted wave 
will quickly die out and disappear into the background noise (Press and Dobrin, 
1956). At this point, the refracted arrival from a previously masked lower layer 
becomes the first arrival. Terrestrial examples of this phenomenon have been re- 
ported by Press and Dobrin (1956), Domzalski (1956), and Watkins and Spieker 
(1972) among others. 

The thin-layer phenomenon is not unexpected in mare basalts. Stratigraphy in 
some terrestrial basalts indicates that thin-layer attenuation should occur. For 
example, cores from the Kana-a basalt flow near Flagstaff, Arizona (Watkins et 
al; 1964), revealed a stratigraphy consisting about 2 m of cinders (velocity 
300 m/sec) overlying 8 m of basalt and more cinders. The upper 5 m of basalt had a 
velocity of 900 m/sec while the lower 3 m had a velocity of 2700 m/sec. The 
difference in velocity is probably due to increased fracturing and vesicularity in 
the upper 5 m. The cinders had a velocity of 300 m/sec. Another core hole in the 
same flow successively penetrated Im of cinders (350 m/sec), 5 m of basalt 
(1-350 m/sec; 3-900 m/sec; 1-730 m/sec) and 6 m cf cinders (730 m/sec). Only high 
frequency energy could propagate in these flows because of their small 
thicknesses. 

Stratigraphy observed in Hadley Rille during Apollo 15 would lead to thin 
layer attenuation. Photographs of Hadley Rille showed 3 sequences of outcrop- 
ping rocks in the upper 50 m of the rille wall (Swann et al., 1972). These outcrops 
consisted of a sequence of massive units sandwiched between discontinuous ex- 
posures of less massive units. The massive sequence is about 25 m thick. The 
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velocity of mare basalt at the Apollo 17 site is in excess of 800 m/sec and the 
dominant frequency loss than 20 Hz. These values would require 40 m or more in 
thickness in order to efficiently transmit the seismic energy, or almost twice the 
thickness of the Hadley Rille .sequence. Actually, the effective thickness of the 
massive interval in Hadley Rille may be significantly less than the total thickness 
if fracturing and vesicularity decrease the .seismic velocity in the upper few 
meters. We suggest that a similar stratigraphy at Taurus-Littrow causes the 
anomalously high velocities observed In data from EP-2, -3, -4, and -8. 

In a companion paper devoted to a discussion of deeper structure (Kovach and 
Watkins, 1973c) it was necessary to estimate an average velocity for the zone 
containing the thin, high-velocity layers because seismic refraction theory does 
not permit unique inversion of data where high-velocity layers are intercalated 
with low-velocity layers. Average shot point-array travel times for EPs -2, -3, -4, 
-8, the LM ascent, and the travel time to the geophone nearest EP-7 indicate that 
the average velocity in this zone is about 280 m/sec. 

The second important difference derives from the fact that the EPs were deto- 
nated over a dipping subsurface layer. The dipping refractor causes arrivals from 
EPs detonated on the updip (western) side to be earlier than arrivals from EPs 
detonated at comparable distances on the downdip side. The earlier arrivals result 
from a smaller thickness of low-velocity regolith traversed by waves generated on 
the updip side. A dipping refractor coupled with the array-EP configuration causes 
the “shingle” effect (an echelon pattern) of arrival times shown in Fig, 1. The 
shingle effect does not occur unless the refracting layer dips. The analysis of these 
data differs slightly from analysis of conventional data. Analysis procedures are 
discussed below. 

Analysis of the data in Fig. I is complicated by noise originating in the ALSEP 
electronics (probably in the LSPE firing-pulse transmitter) and picked up by 
LSPE detectors and/or cables. The noise makes it difficult to precisely pick the 
first arrivals from all EPs. Picks were especially difficult in EP-2 and -3 data. 
Therefore, EP-2 and -3 data are treated with less confidence than data from EP-4 
and -8 where first arrivals are more distinct. Analysis of the noise suggests that 
some of it can be removed. Therefore, it may be possible to improve on the 
following interpretation at a later date. 

In spite of the scatter in the first arrivals it is clear that for given distance - arri- 
vals from EPs detonated east of the array are later than arrivals from EPs deto- 
nated west of the array. As previously mentioned, this difference in arrival times 
suggests that the refractor is tilted to the east causing refracted waves from EP-2, 
-3 and the LM ascent to traverse a thicker low velocity layer (probably the 
regolith) than waves from EP-4 and -8. The dipping refractor suggestion is further 
supported by the obvious shingling of arrivals from EP-4 and -8. The shingling of 
EP-2, -3 and LM arrivals is less obvious but still apparent. 

The shingling effect is explained in terms of the travel time equations for a two 
layer case with dipping refractor: 


t - to+ mx 
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t = travel time; to = shot-intercept time as shown in Fig. 1; m = slope; and jc = 
distance from shot point to detector, where, 

^„=2zcos_dco^ and 

Vi V2 

z = depth of refractor beneath the EP; Vi, Oj = velocity in surface layer and under- 
lying refractor, respectively; 6 — sin“' (vilvz)‘, and tp == dip of the refractor; the sign 
in the expression (.6±4>) is negative when shooting updip and positive when 
shooting downdip. All updip data have the same slope and all downdip data have 
the same slope. The downdip slope is always greater than the updip slope. The 
shingling effect derives from the fact that changes in z alone affect the U terms 
since cf), Vi, and 8 are all constant for a given model. 

If arrivals from EP-2, -3 and the LM were better, the travel time data could be 
uniquely inverted to give the depth of the refractor and its dip. However, values 
from EPs east of the array were not considered sufficiently well established for 
inversion, so depths and dip were calculated by the approximate method dis- 
cussed below. 

If U2^600m/sec, = 105 m/sec, and the (j><5°, then cos 0 cos =0.99 ±0.01. 

It has previously been shown that the regolith velocity Vi is relatively constant 
105 m/sec. Analysis indicates that vo ^ 600 m/sec and <!> < 5°. Thus, z can be accu- 
rately estimated for EPs-4 and -8 from the to term alone. Estimates of z were not 
made for EP -2, -3 and LM ascent arrivals. 

A least squares fit of the EP-4 data (which had the least scatter of all data) 
yielded an apparent velocity Vz of 560 m/sec and an intercept time (to) of 0.1 15 sec 
or a depth (z) of 6.2 m. Projecting a line with a slope of 1/560 through the mean 
position of EP-8 data points results in to = 0.220 sec and z = 1 1.8 m. The distance 
from EPs -4 and -8 to the center of the array (geophone 3) were 215 and 122 m, 
respectively. Hence the dip is about 3.4°. Use of 3.4° in the “ra” term yields a true 
velocity for the refractor of 910 ra/sec which is well within the range of velocities 
observed in terrestrial basalts and close to the velocity observed in the next 
deeper refractor (1130 m/sec) at Tr.arus-Littrow (Kovach and Watkins, 1973c). 
The agreement of velocities support our interpretation of the layer as a basalt 
flow. Use of the above values to calculate arrival time from EP-2, -3, and LM 
ascent yielded approximately correct values. Better agreement (that shown in Fig. 
1) was obtained by reducing the average dip to 3° which changed the average vel- 
ocity of the refractor to 850 m/sec. The recalculated depth of the refractor be- 
neath the center of the array (geophone 3) is 17.4 m. 

Electrical properties of lunar near-surface rocks at the Apollo 17 site are 
consistent with at least two different model interpretations (Simmons et al, 1973). 
One model bears no resemblance to the seismic model of the regolith and subja- 
cent layering, but the other model consists of an eastward dipping layer about 
20 m below the ALSEP, a second interface about 300 m below the surface and no 
other interfaces up to depths of 1.5 km or more. This model closely resembles the 
Apollo 17 seismic model. 

No craters penetrate the regolith within the area encompassing the geophone 
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array and EPs -2, -3, -4, and -8, therefore we have no direct geological evidence of 
regolith thickness from the area of where seismic data were obtained. Outside the 
area, however, astronaut observations suggest that the regolith varies in depth 
from 5-20 m (ALGIT, 1973). For example, rims of craters less than 30 m in 
diameter or near LRV-1 (west of the array) were block free except for one crater 
10-15 m in diameter whose rim included blocks with diameters up to 1 m (ALGIT, 
1973). Data reported by Baldwin (1949) and Short (1970) indicate that small craters 
excavate to depths equal to 0.25-0.35 of their diameters. Therefore, regolith is 
probably 3-10 m thick in the LRV-1 area, a range of depths consistent with LSPE 
data. East of the array, 15-20 m of surficial fragmental material were exposed in 
the walls of Van Serg Crater. These data agree qualitatively with our interpreta- 
tion of the seismic data to the extent that the regolith is shallower west of the 
array than it is east of the array. The dip of the refractor indicated by the seismic 
data is somewhat greater than the dip of the subfloor basalt indicated from crater 
data, however. 

We believe that the answer to these apparently conflicting dip data derive from 
the constricted, sloping nature of the Taurus-Littrow valley floor coupled with an 
anomalously high density of medium-sized craters surrounding the array. The 
valley of Taurus-Littrow slopes from an elevation of about 4800 m in the north- 
west to an elevation of about 4220 m in the southeastern corner. Lee scarp, a 
prominent feature in the western part of the valley, slopes eastward at angles up to 
17^ which is much steeper than the 3° indicated by the LSPE data. The undulating, 
dipping surface suggests that a local increase in slope may be responsible for the 
change in depth of the refractor beneath the LSPE. 

The anomalous average depth of the refractor is probably due to an anomalous 
regolith thickness. The LSPE array and the four closest explosives are within an 
area with an unusually high density of both young craters and old, subdued cra- 
ters. The array is u.ncierlain by ejecta from Camelot, Horatio, Trident, Sherlock, 
and others. The ejecta from these craters and others near the array is probably re- 
sponsible for the anomalously large (17.4 m) regolith thickness observed by the 
astronauts and deduced from LSPE data. 

We conclude that the substrate is probably subfloor basalt and that it has an 
undulating surface. The LSPE array is located over a portion of the subfloor 
basalt where the dip is slightly oversteepened to the east. Ejecta from an anoma- 
lously large number of medium-sized craters in the vicinity of the array smoothed 
the topography and created an unusually thick regolith. 

Discussion 

The regolith is a moonwide phenomenon, Photography from orbiting satellites 
reveals everywhere a smoothed, pockrnarked lunar surface now associated with 
the mantling effect of the regolith. Bodies of rock larger than a few meters are 
exposed only in small areas or inside craters. Apollo seismic data suggest that the 
regolith observed in different lunar geological habitats is also remarkably uniform 
in its properties moonwide. 
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Low, uniform P-wave velocity 

The P-wave velocity of the regolith is very low and uniform. The average vel- 
ocity determined from Apollo data is 105 m/sec and the standard deviation is 
8 m/sec CTable 1). Velocities in terrestrial soils have much greater variability. For 
example, Watkins and Spieker (1972) found that unconsolidated surface materials 
in the Miami River Valley of southwestern Ohio had velocities ranging from 
460 m/sec to over 1000 m/sec. Standard deviations in specific areas of more or less 
homogeneous surface material ranged from 9 to 34% of the mean velocity* In situ 
velocity rneasurements of terrestrial rock outcrops show similar variations. Wat- 
kins et al. (1972) reported standard deviations equal to 14% of the mean velocity 
in outcrops of the welded, rhyolitic Bishop Tuff in eastern California, 27% of the 
mean velocity in Navajo Sandstone outcrops in northern Arizona, and 22% of the 
mean velocity in Amboy basalt outcrops in the Mojave Desert, California. Figure 
2 shows scatter in lunar regolith and selected terrestrial rocks. 

Brecciation and high porosity are probably the major causes of the extremely 
low velocities observed in the lunar regolith. Watkins and Kovach (1972) com- 
pared velocity data from brecciated rock (Apollo 14 regolith, Apollo 11 returned 
samples and ejecta from Meteor Crater, Arizona) with velocity data from terres- 
trial rocks of comparable porosity (Fig. 3). They found that the lunar regolith and 
Meteor Crater ejecta had significantly lower velocities than common terrestrial 
rocks with comparable porosities, a relationship which they attributed to breccia- 
tion of the Apollo 14 regolith and Meteor Crater ejecta. 

Watkins et al. (1972) reported that only very fine, extremely porous (60%) ter- 
restrial materials had velocities as low as 100 m/sec. The velocity in basaltic cin- 
ders was 300 m/sec, a value significantly greater than that of the lunar regolith. 
The low regolith velocities thus indicate that the regolith probably contains no 
significant amounts of volcanic ash at Apollo 12, 14, 15, and 16 sites. The .'•egolith 
velocity was not established at the Apollo 17 site but absence of ash in returned 
samples from the Apollo 17 site (ALGIT, 1973) .seems to preclude its existence 
there, too. 


Table 1. P-wave velocity and thick/iess of the regolith at the Apollo sites. 
Although mare basalt underlies the Apollo 17 site, the site is in a small valley 
surrounded by highlands and is located within a local crater field which prob- 
ably accounts for the unusual range of regolith thickness values. 
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Fig. 2. Velocity-Q product as a function of velocity (a) for the lunar regolith and 
selected unsaturated in situ terrestrial rocks. Note the small scatter in the lunar regolith 
velocities relative to the scatter observed in the terrestrial rocks. A high Q is characteris- 
tic of lunar crustal rocks. {Q of the lunar regolith was provided by Y. Nakamura, per- 
sonal communication, 1973.) 


Regolith thickness 

Variation in the thickness of the regolith is small. At the Apollo 11 site the 
regolith is estimated to be 3-6 m thick (LSPET, 1970); at the Apollo 12 site it is 
estimated to be 2-4 m thick (LSPET, 1970); at the Apollo 15 site measurements 
from photographs indicate that it is 5 m thick; ASE data indicate it is 8.5 m thick at 
the Apollo 14 site and 12.2 m thick at the Apollo 16 site; and anomalous Apollo 17 
seismic data indicate an average depth of 10-15 m (see Table 1). The range of 
thickness is thus less than one order of magnitude. When maria and highland 
thicknesses are considered separately, the ranges in thickness are even less; the 
maria determinations differing by no more than a factor of 3 and the two highland 
determinations differing by a few tens of percent. 
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depth to “hard rock’' (4 km/sec) determined from LSPE data. Hu (1971) de- 
veloped an empirical model of the variation of ejecta thickness as a function of 
crater size and distance from the center of the crater. His estimates of total ejecta 
thicknesses from post-Imbrian impacts near Apollo 11, 12, and 14 sites agreed 
closely with observed thicknesses and support a post-Imbrian age for the regolith 
at these locations. Hu’s calculated thicknesses and stratigraphic sequences agreed 
well with observed thicknesses and stratigraphic sequence in the Apollo 12 drive 
sample. This close agreement indicates that mixing of ejecta is not as effective as 
some investigators have suggested. 

Age of the regolith 

Since the oldest portion of the regolith overlies mare basalts ranging in ages 
from 3.1 to 3.7 billion years (Tera et al, 1973), mare regolith ranges in age from 
0-3.7 billion years. The regolith in the highlands appears to include slightly older 
ejecta. 

Radiometric ages of soil from the Apollo 16 site fall mainly in a narrow range 
of ages between 3.9 and 4.2 billion years (Tera et al., 1973; Hussain and Schaeffer, 
1973). The soil from which these ages were determined probably consists mainly 
of ejecta from the 250 m/sec layer immediately subjacent to the regolith. Although 
we cannot calculate the exact thickness of the 250 m/sec layer, the fact that it 
transmits seismic energy peaking at 8 Hz indicates that it is at least 30 m thick, 
Since most nearby craters bottom at lesser depths, we can conclude that the 
250 m/sec layer is the source of most of the surface fragments. 

At the Apollo 14 site, the Fra Mauro Formation is thought to be 3.9 billion 
years (Alexander et a/., 1973). Thus the maximum age of overlying regolith ejecta 
is very nearly the same as that at the Apollo 16 site. 

The greater thickness of the lunar regolith on the highlands relative to the 
younger regolith in the maria regions suggests that the rate of deposition of 
regolith was almost in order of magnitude greater during the period between the 
great cataclysm about 4 billion years ago (Tera et ai, 1973) and the middle of the 
period of maria formation (about 3.4 billion years ago) than during the subsequent 
time interval. 

Compacted powder model 

Unusual seismic properties of the lunar regolith and underlying crustal brec- 
cias led Gold and Soter (1970) and Gangi (1972) to suggest that the lunar near- 
surface consists of a deep layer of powder. Their powder model is gravitationally 
self-compressed in such a way as to provide a linear velocity increase with depth 
(Gold and Soter, 1970) or a velocity which increases as the sixth root of the depth 
(Gangi, 1972). 

ASE and LSPE data do not support this model. Figure 4 shows velocity-depth 
models deduced from Apollo 14, 16, and 17 data. Depth is plotted on a logarithmic 
scale so that a power law velocity-depth function appears as straight line. From 
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Fig. 4. Velocity-depth models deduced from Apollo 14. 16, and 17 data. Depth is plotted 
on a logarithmic scale in order to show power Itw velocity-depth functions as straight 

lines. 


this figure it is clear that if one attempts to fit a sixth root velocity-depth function 
to the regolith and immediately subjacent rocks and breccia, the curve is badly in 
error at greater depths. Conversely, a sixth root function fitted in the 1130 and 
4000 m/sec region is badly in error in the 100-300 m/sec region. It is possible to fit 
a power law velocity-depth function (a— over much of the range of the lunar 
crust but this is probably coincidental. A linear increase of velocity with depth fits 
the data worse than the sixth root curve, 

A major reason for the recurrence of the compacted dust hypothesis is the 
extremely low seismic velocity of near-surface rocks. Although seismic velocities 
in lunar near-surface rocks are low by terrestrial standards, comparable velocities 
have been observed in terrestrial rocks with extremely high porosities (Fig. 3). 

Brecciation tends to enhance the decrease in velocity accompanying an in- 
crease in porosity. Todd et aL (1973) have observed anomalously low seismic 
velocities in shocked rock samples from the Ries impact crater and from lunar 
samples, and Watkins et at (1972) observed similar results during in situ measure- 
ments of velocities in shocked rocks near Meteor Crater. 

In Fig. 3, velocities reported by Kanamori et al. (197Q) proportionately average 
only slightly less than velocities observed in unshocked terrestrial rocks of com- 
parable porosity; Meteor Crater rock velocities average about 50% of comparable 
unshocked rock; and the lunar regolith velocities average about 20% of compara- 
ble unshocked rock. These data indicate that the relative decrease in velocity due 
to brecciation increases in magnitude with increasing porosity. 

Interpolation of Meteor Crater and Apollo regolith data suggests that un- 
shocked rock comparable to the 299 m/sec and 250 m/sec layers observed at 
Apollo 14 and 16 sites would have velocities between 500 and 800 m/sec. These 
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velocities are comparable to velocities observed in unsaturated terrestrial soils. A 
layer of very porous soil overlying a layer of normal soil would thus constitute a 
good velocity analog of unshocked lunar regolith and unshocked subjacent brec- 
cia at the Apollo 14 and 16 sites. Without the reduction in velocity due to 
brecciation, the velocities of the lunar regolith and substrate at the Apollo 14 and 
16 sites are within the normal range of velocities observed in terrestrial soils. 

We conclude that the anomalously low in situ velocities observed in the lunar 
regolith and in lunar breccias result primarily from shock induced microcracks 
and high porosity. Without microcracks, velocities in these rocks would be com- 
parable to velocities in terrestrial soils. 


Summary AND Conclusions 

Synthesis of seismic, geological, and crater ejecta calculations .suggest the 
following conclusions. 

1. The regolith consists primarily of impact ejecta having an average compres- 
sional wave velocity of 105 m/sec. Pyroclastics do not appear to comprise a 
significant portion of the ejecta in the areas investigated. 

2. In the maria areas the regolith averages between four and five meters in 
thickness and represents the sum of the post-maria ejecta blankets. The regolith 
was deposited during the interval of 0 to 3.7 billion years ago. 

3. In the highlands the regolith thickness averages about 10 m. The highland 
regolith represents the sum of post-cataclysm ejecta blankets and was formed 
during the interval between 0 and 4 billion years ago. Differences in thicknesses of 
highland and maria suggest that the regolith deposition rate was approximately an 
order of magnitude greater in the period between 3.5 and 4 billion years ago than 
during the period 3.5 billion years ago to present. 

4. The regolith in the valley of Taurus-Littrow (Apollo 17) is anomalously 
thick, ranging from 6.2 to 36.9 m in the area of investigation. The anomalous thick- 
ness is attributed to the combined effects of an unusually high concentration of 
medium-sized craters and irregularities in the surface of underlying mare basalts. 

5. Apollo seismic data do not support the compacted power model of the lunar 
crust but indicate that lunar near-surface regolith, breccia, and crust consist of 
discrete layers. Anomalously low seismic velocities observed in the regolith and 
subjacent breccia are due to impact fracturing. 
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Abstract— A seismic profiling experiment was successfully executed on the lunar surface during the 
Apollo 17 mission allowing a determination of the structure of the lunar crust to a depth of several 
kilometers. The most outstanding feature of the seismic velocity variation, in the Taurus-Littrow re- 
gion, is the stepwise increase with depth. A total thickness of about 1200 meters for the infilling mare 
basalts at the 17 landing site is also indicated from the seismic results. The apparent velocity is high 
(about 4 km/sec for P waves) in the material below the basalts. 


Introduction 

With the successful installation of a geophysical station at the Taurus-Littrow 
landing site of the Apollo 17 mission an exciting period of manned lunar explora- 
tion was brought to an end. Prior to the Apollo 17 mission there was a surprising 
gap in our knowledge concerning the nature of the properties of the upper 10 km 
of the lunar crust, because of the absence of pertinent seismic travel time data at 
distances (A) closer than 30 km. Travel times of seismic waves are inverted in a 
classical fashion to determine seismic velocity structure and as a result provide 
the direct means of probing the lunar interior. 

On the Apollo 17 mission a Lunar Seismic Profiling Experiment (LSPE) was 
successfully executed. Eight explosive charges were armed and placed on the 
lunar surface by the Apollo 17 astronauts at various points along the geological 
traverses. In addition, the impact of the Lunar Module (LM) ascent stage, at a 
distance of 8.7 km from the 17 landing site, was recorded on an array of miniature 
seismometers. In this paper we describe the seismic data,;the velocity structure in 
the lunar crust beneath the Taurus-Littrow area and the implications for lunar 
history. The interpretation is more expansive than in previous reports (Kovach et 
a/., 1973; Kovach and Watkins, 1973a), Post-mission analyses of the Apollo 17 
lunar surface photography has necessitated some adjustments in the absolute pos- 
itions of the deployed explosive charges. 

, 2549 -^' . 
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Seismic Data 

The LSPE recorded the LM ascent stage impact on December 15, 1972. The 
location of the impact was at 19.91 degrees north latitude and 30.51 degrees east 
longitude, at a distance 8.7 km southwest of the Apollo 17 landing site. Pertinent 
parameters for the LM impact are shown in Table 1. 

A portion of the seismic signal from the Apollo 17 LM impact is shown in Fig. 
1. The impact signal is similar in character to previous impact signals, possessing 


Table 1 . Parameters of Apollo 1 7 LM impact. 


Impact parameters 

LM 

Day, G.m.t. 

December 15, 1972 

Range time,* G.m.t. 


hr: min: sec 

06:50:20.84 

Real time, G.m.t. 


hr: min: sec 

06:50:19.60 

Velocity, km/sec 

1.67 

Mass, kg 

2260 

Kinetic energy, ergs 

3.15X10“ 

Heading, deg 

283 


♦Range time is the time that the signal of the 
event was observed on Earth. 


fl-17 LM IHPflCT- DAY 350 


,04V 



Fig. 1. Compressed time scale record of the seismic signal received from the LM impact 
of the Apollo 17 mission. Arrows point to the onset of first and second arrivals. The first 
arrow indicates a travel time of 5.75 seconds. 


[ 123 ] 


The structure of the lunar crust at the Apollo 17 she 


2551 


an emergent beginning and a long duration. The travel-time of the first P wave 
is 5.75 sec. A prominent second arrival with a travel time of 10 sec can also be 
identified on the seismograms. Whether this arrival represents a shear wave 
arrival or a later P wave arrival cannot be resolved from only a vertical compo- 
nent seismogram. 

The observed amplitude of the impact signal is of interest when compared with 
the P wave amplitudes for previous impact signals. Comparison of previous LM 
impact signal amplitudes of SIVB impacts (Latham et ah, 1972) demonstrated that 
the LM impact amplitude data had to be adjusted upwards by a factor of 17.4 to be 
directly compared to the amplitudes observed for SIVB impacts. Extrapolating 
the observed amplitudes of the earlier LM impacts to a distance of 8.7 km leads to 
a predicted peak to peak amplitude- of 26 nm. The Apollo 17 LM impact signal is 
centered at 4 Hz and has a measured peak to peak amplitude of 400 nm. It is 
interesting that, if we multiply the predicted amplitude of 26 nm by the scale 
factor 17.4 we obtain 452nro which is in good agreement with the observed am- 
plitude of 400 nm. 

Analyses of previous lunar seismic impact signals (Latham et al„ 1973) have 
demonstrated that many of their characteristics (signal rise time, duration of 
signal, and lack of coherence between horizontal and vertical components of 
motion) can be explained by scattering. Seismic energy is considered to spread 
with a diffusivity The larger the value of diffusivity the smaller the amount of 
scattering. For a surfac- impact one can show that the signal rise time (the time 
from signal onset to its maximum value) is given by R^l$ where R is the range. 

The Apollo 17 LM impact seismic signal has a rise time of 56 seconds leading 
to a diffusivity of i.35km^/sec, a larger value than that inferred at the Apollo 15 
and 16 sites from analysis of the seismic signals generated by the lunar roving 
vehicle out to distances of about 4 km (Latham et al., 1973). The implication is that 
the Apollo 17 site is more homogeneous (for dimensions on the order of the 
wavelengths of seismic waves considered, i.e., approximately 25 m) than either 
the Apollo 15 or 16 landing areas. A difference in the near-surface properties of 
these landing sites may be due to differing ages for the areas and the effects of 
varying amounts of comminution and gardening by meteoroid impacts. 

Figure 2 shows the seismogram recorded on the LSPE geophone array from 
the detonation of one of the explosive charges placed on the lunar surface at the 
17 landing site. The arrows point to the onset of the first seismic arrival. 

The locations of the explosive packages with respect to the geophone array are 
shown on the map in Fig. 3. Explosive charge weights ranged from 1/8 to 6 lbs. 
The one-pound explosive package (EP-6) was deployed on the outgoing traverse 
to the south and the one-half pound charge (EP-7) was positioned on the return leg 
to the lunai' module. EP-4 (1/8 lb) and EP-8 (1/4 lb) were placed West of the 
geophone array. EP-2 (1/4 lb) and EP-3 (1/8 lb) were positioned east of the 
geophone array. EP-1 (61bs) was placed at a distance of 3 km NW from the LM 
andEP-5 (3 lbs) at a distance of 2.1 km NE of the LM. 

The observed travel times from EP’s 4 and 8 to the west of the geophone array 
and EP’s 2 and 3 to the east are shov/n in Fig. 1 of Watkins and Kovach (1973). 



2552 


R. L. Kovach and J. S. Watkins 


fl-17 EP NO- 6 DRY 350 



Fi". 2. Seismic signals produced by the detonation of explosive package 6 on the lunar 
surface as recorded on Apollo 17 geophone array. Arrows point to the onset of the 

seismic arrival. 


These data yield a partially reversed profile and are discussed in detail in Watkins 
and Kovach (1973). 

It is useful at this point to restate the assumptions (Ewing et ai, 1939) underly- 
ing the method of interpreting a seismic refraction profile: (1) the top and bottom 
of any layer is planar and propagates seismic waves with constant velocity; (2) at a 
layer interface the path of a seismic wave is governed by Snell’s law; (3) a seismic 
wave propagating in a layer with a velocity V, which is incident on the surface of 
the layer at an angle a with the normal, travels with an apparent velocity V/sin a 
along the surface; (4) travel time is the same if the shot point and recording posi- 
tion are interchanged. Departures from these stated assumptions are revealed by 
the departure of the observed travel time data from straight lines drawn on the 
travel time graph. 

Figure 4 shows the travel time data obtained from the detonation of the eight 
explosive packages. The digital samplinc interval for the seismic data is 
0.0085 sec. Using expanded scale time plots the onset of the seismic first arrivals 
could be picked to an accuracy of ±0.05 sec. Subsequent array processing 
techniques on the digital data may contribute some additional information on 
apparent velocities, but it is not believed that subsequent processing will have any 
major effect on the travel time data discussed here. Inasmuch as complete rever- 
sal information was not obtained we shall interpret the ffavel time data on the 
assumption of zero dip of all interfaces. When treated in ioto the close in sho' 
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Fig. 3. Planimetric map of the Apollo 17 landing site showing location of geophone array 
and positions of explosive packages. 



Fig. 4. Travel time distance graph for P wave pulses recorded from detonation of 
explosive packages and thrust of LM ascent engine. 


[ 126 ] 



2554 


R. L. Kovach and J. S. Watkins 


po»..iS (EP’s 2, 3, 4, and 8) define an average velocity arrival of 280 m/sec. Travel 
times from EP’s 7, 6, and 5 define an apparent velocity of 1 130 m/sec. The calcu- 
lated thickness of the 280 m/sec layer is 264 m. 

One can note that the travel time data for EP 1 are offset by about 0.3 sec 
with respect to the 1 130 m/sec line. Examination of the path between EP 1 and the 
LSPE geophone array reveals that the seismic path is affected by the presence of 
the 600 m diameter crater Camelot. We can explain the observed time delay by 
postulating that the low-velocity 280 m/sec material extends to a greater depth be- 
neath the crater Camelot than along the remainder of the travel time path. Figure 5 
shows diagrammatically a simple model approximation for Camelot crater which 
can be constructed to explain the observed travel time delay. Subsequent digital 
velocity filtering (beam steering) of the seismic signals from EP 1 should allow 
more detailed models to be considered. 

The travel time data from the explosive charges can be combined with the 
observed travel time for the LM impact to provide information about the seismic 
velocity to a depth of several km. Travel time data from the seismic signals pro- 
duced by the LM impact and the explosive charges are shown in Fig. 6. Aline with 
an apparent velocity of 4 km/sec can be fit through the LM impact data point to 
intersect very close to the corrected travel time data points for EP 1. 

Inasmuch as the LM impacted at an elevation of 1.2 km above the valley floor 
at the 17 landing site the LM impact travel time should be adjusted to the same 
reference elevation as the LSPE geophone array. The effect of a difference in 
elevations is to contribute an additional delay time equal to the ratio of the 
elevation difference to the seismic velocity of the material traversed times the 
cosine of the angle of incidence that the particular seismic arrival under consider- 
ation departed the source (impact point). We shall assume that the underlying 
4000 m/sec material in the Taurus-Littrow valley extends to the surf ace beneath 
the LM impact point in the South Massif. If we further assume that at a distance 
of 8.7 km (LM impact point) on the travel time graph the seismic velocity in- 
creases to 4500 m/sec (say) the angle of incidence for a refraction at this depth and 
the related angle of incidence at the source can be straightforwardly calculated. 



DISTANCE, meters 

Fig. 5. Model approximation for seismic ray path from explosive package 1 to geophone 
array. Ray path crosses Camelot crater and observed time delay is produced by presence 
of low-velocity material beneath crater. 
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Fig. 6. Seismic travel times from LM impact and explosive charges. Travel time for EP 1 
has been corrected for Camelot crater delay and LM impact travel time for 1 .2 km 
elevation dilference between impact point and LSPB geophone array. These corrections 
shift position of 4 km/sec apparent velocity line slightly downward as shown. 

Inserting appropriate values for our case leads to a delay time correction of 
0.14 sec. This correction will shift the position of the 4 km/sec apparent velocity 
line downward as shown in Fig. 6 such that its zero distance time intercept is 
decreased. There are obvious uncertainties in correcting for the elevation delay 
but the important first order consideration is that high velocity material 
(~4km/see) must lie beneath the 1130 m/sec material. The end effect of the 
elevation correction is to decrease the derived thickness of the 1130 m/sec mater- 
ial from 1006 m to 923 m. 

Various power laws for the variation of seismic velocity with depth in the 
moon have been proposed (Gold and Soter, 1970; Gangi, 1972). Among these are 
that the seismic velocity increases as either the fourth or sixth power of the depth. 
It is of interest to compare the Apollo 17 observed travel times with some of these 
proposed velocity-depth variations. 

The fourth power model with velocity variation of the form v — Voiz I 
gives a travel time relationship 

t=^^[2xl3'rrZof'\ 

Vq 

where vo is the assigned velocity at a depth of Zo. Normal practice is to choose uo 
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such that the observed travel time agrees with that observed at a distance x. We 
shall select Zo = 1 km and the observed travel time of 4.2 sec at a distance x of 
2:15 km. In this case vo = 0.998 km/sec. Using these parameters a travel time curve 
has been calculated and is shown as the curved marked Tim in Fig. 6. It is seen that 
the fourth root velocity variation predicts travel times that are too slow at 
distances greater than 3 km, implying that the velocities are too low at depth. 

We can also examine a uniform increase of velocity with depth. In this case 
V = va + Kz, where vn = velocity at surface, K = rate of increase with depth and 



Let us assume a surface velocity of 280 m/sec and a value for K of 0.92/sec. This 
linear gradient model gives a travel time graph marked linear in Fig. 6. The 
agreement is quite good out to a distance of about 1 km but at greater distances the 
predicted velocity is again too slow. Nevertheless, it is to be emphasized'that both 
the fourth-power and linear gradient models cannot satisfy the well defined linear 
segments of the observed travel times. 

Discussion 

Prior to the Apollo 17 mission our best estimates of the seismic velocity varia- 
tion in the upper 20 km of the moon were as depicted by lunar models 1 or 2 
(Latham et at, 1973 ; Toksoz et aZ., 1972) in Fig. 7. The-seismic velocity was known 
to increase very rapidly from values of 100-300 m/sec in the upper 100 m or so to a 
value of ~ 4 km/sec at a depth of 5 km. Even though the seismic velocity variation 
was taken to be a smooth increase with depth it was surmised (Kovach and 
Watkins, 1973b) that such a rapid increase of velocity (~2 km/sec/km) could not 
be solely explained by the pressure effect on dry rocks with macrocracks and 
microcracks nor by the self-compression of any rock powder. 

Laboratory velocity measurements on returned lunar soils (Kanamori et at., 
1970, 1971; Anderson et at, 1970; Mizutani et at, 1972; Warren et aZ., 1971) and 
recent measurements under hydrostatic pressure conditions on terrestrial sands 
and basaltic ash (Talwani et at, 1973) have indicated velocity-depth gradients of 
0.4 to 0.8 km/sec/km but such gradients occur only to pressures of 50 bars (lunar 
depth of ~ I km). An examination of these experimental data led to the inference 
that compositional or textural changes must be important in the upper 5 km of the 
moon (Kovach and Watkins, 1973b). 

The lunar seismic profiling results have shown that, at least beneath the 
Taurus-Littrow site, the seismic velocity increases with depth in a stepwise man- 
ner in the upper several km. It is of interest to examine our in situ velocity infor- 
mation in the light of the surface geological investigations at the 17 site, laboratory 
velocity measurements from returned lunar samples and seismic velocity mea- 
surements on terrestrial lunar analogs. 

Underlying the regolith at the l7 site the dominant rock type observed is a 
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VELOCITY, km/sec 



Fig. 7. Inferred compressional wave velocity profiles for moon and velocities of lunar 
and terrestrial rocks measured in the laboratory as a function of pressure. Lunar rocks 
are identified by a sample number. Lunar models 1 and 2 are based on results available 
through Apollo 16 (Toksoz ei al., 1972). Apollo 17 results reveal marked stepwise in- 
crease in seismic velocity in upper 2 km. 


medium grained vesicular basalt believed to be primarily a mare type basalt. Ob- 
servations by the crew in crater walls revealed textural variations suggesting that 
individual flow units are involved. Our seismic observations have indicated 264 m 
of material with an average velocity of 280 m/sec overlying 923 m of 1130 m/sec 
material. We suspect the 280 m/sec layer contains several higher velocity lava 
flow units (Watkins and Kovach, 1973). 

The abrupt change in seismic velocity and, by inference in other physical prop- 
erties, from 280 m/sec to 1130 m/sec is suggestive of a major change in the nature 
of the evolution or deposition of the Apollo 17 subfloor basalts. However, a 
similar range of seismic velocities is observed with refraction surveys on lava 
flows on earth. Some insight can be gained when we consider specific lava flows 
which have been examined in some detail as possible lunar analogs: the Southern 
Goulee, the SP flow and the Kana-a flow (Watkins, 1966; Watkins et ai, 1972). 
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The Southern Coulee is a recent lava flow near Mono Craters in eastern 
California. Seismic velocities range at the surface, from 160 m/sec to 2000 m/sec 
at depth. The higher velocities are found in more competent denser lava which 
underlies higher porosity, lower density surface material. The SP flow is a blocky 
basalt flow located in the northern part of the San Francisco volcanic field near 
Flagstaff, Arizona. Vesicularity ranges from 5 to 50% and in situ seismic vel- 
ocities range from 700 to 1 100 m/sec. The Kana-a flow, also located near Flagstaff, 
is an olivine basalt flow intermingled with ash; velocities range from 700 to 1200 
m/sec. 

We see that observed velocities on terrestrial lava flows bracket the velocities 
measured at the 17 site and therefore are consistent with the presence of lava 
flows in the Taurus-Littrow valley . The 280 m/sec velocity is probably representa- 
tive of several flows separated by lower velocity layers of ash or ejecta. Individual 
flows may be fractured or brecciated which would further decrease their seismic 
velocities. Surface layers of fractured loose blocky material merging into more 
welded flows are common occurrences on earth. We therefore believe that the 
sum of the 280 m/sec and the 1130 m/sec materials (1187 m) represent the full 
thickness of the subfloor basalts at the Apollo 17 site. 

The nature of the material underlying the basalts with a seismic velocity of 
~ 4 km/sec is difficult to assign unambiguously to any particular rock type. It 
seems likely, based on the geological evidence, that the highland massif material 
which rings the narrow graben-like valley at the- 17 site underlies the basalt flow(s). 
Several rock types were recognized in the North and South Massifs but the 
dominant rock type is apparently a coherent breccia believed to be similar to 
breccias sampled at the Apennine Front (Apollo 15) and Descartes (Apollo 16). 

Laboratory velocity measurements have been reported for two Apollo 15 
breccias, 15418 and 15015 (Todd et ai, 1972). Sample 15418 is described as a dark 
gray crystalline breccia of chemical composition similar to anorthite rich gabbro. 
Sample 15015 is a more friable breccia of unknown composition. The in situ 
value of ~ 4 km/sec is close to the values measured in the laboratory for sample 
“5015. 


Conclusions 

Prior to the Apollo 17 mission the question of how the P-wave velocity in- 
creased from 100 to 300 m/sec near the surface to 6 km/sec at a depth of 15 to 
20 km was most uncertain. The main reason for this uncertainty was the gap in 
travel time data between the ranges of a few hundred meters (previous Active 
Seismic Experiments) and 67 km (Apollo 14 LM impact as recorded by the Apollo 
14 PSE). The Apollo 17 Lunar Seismic Profiling results have demonstrated that 
the seismic velocity increases in a sharp stepwise manner in the upper 2.5 km. A 
surface layer with a seismic velocity of 280 m/sec overlies a layer with a velocity 
of 1130 m/sec. Beneath the 1130 m/sec layer the seismic velocity increases sharply 
to a velocity of 4000 m/sec. The velocities of 280 m/sec and 1130 m/sec are in 
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agreement with those observed for basaltic lava flows on earth and therefore 
suggest a total thickness of about 1200 m for the infilling mare basalts at 
Taurus-Littrow. When the Apollo 17 results are combined with earlier travel time 
data for direct and surface reflected arrivals from LM and SIVB impacts it will be 
possible to construct a velocity model for the upper lunar crust believed to be 
representative for a mare basin. 
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Seismic refraction data obtained at the Apollo 14, 16, and 17 landing sites permit ti conipressional wave 
velocity profile of the lunar near surface to be derived. Although the regolith is locally variable in 
thickness, it possesses surprisingly similar seismic characteristies. Beneath the regolith at the Apollo 14 
Fra Mauro site and the Apollo 16 Descartes site is material with a seismic velocity of ^300 m/s, believed 
to be brecciated material or impact-derived debriti. Considerable detail is known about the velocity struc- 
ture at the Apollo 17 Taurus-Littrow site. Seismic velocities of 100, 327, 49.'«, 960, and 4700 m/s are 
observed. The depth to the lop of the 4700-m/s material is 1.38.“' m, compatible with gravity estimates for 
the thickness of marc basaltic (lows, which fill the Taurus-Littrow valley. The observed magnitude of the 
velocity change with depth and the implied sleep velocity-depth gradient of >2 km/s/km are much larger 
than have been observed on compaction experiments on granular materials and preclude sinTple cold com- 
paction of a fine-grained rock powder to thicknesses of the order of kilometers. The large velocity change 
from 960 to 4700 m/s is more indicative of a compositional change than a change of physical properties 
alone. This high velocity is believed to be representative of the material that forms the lunar highlands. 


Seismic refraction experiments were executed on the lunar 
surface by Apollo astronauts during missions 14, 16, and 17 as 
part of an integrated set of geophysical experiments called 
Alsep (Apollo lunar surface experiments package). For the 
study of the earth’s crust, seismic refraction techniques are 
often used. The basic technique involves the recording of 
seismic waves produced by the detonations of explosive 
charges placed at different distances from an array of 
seismometers (geophones). The travel times of the resulting 
seismic waves are analyzed in a straightforward fashion to 
determine the variation of seismic velocity with depth and as a 
result provide a direct method of probing the lunar interior. 

The results of these experiments when they are combined 
with the seismic signals from other man-made impacts from 
spent rocket stages have allowed a model of the near-surface 
lunar structure to be constructed. In this paper we describe 
and analyze the seismic data pertinent to the near surface of 
the moon. 

Seismic Instrumentation 

At the Apollo 14 and 16 sites the astronauts deployed a 91-m 
linear array of three geophones, and several seismic energy 
Sources were used: an astronaut-activated thumper device with 
small explosive initiators, a mortar package containing earth- 
controlled rocket-launched grenades, and the impulse pro- 
duced by the thrust of the lunar module (LM) ascent stage as it 
departed from the lunar surface. Technical details ofthese ex- 
periments can be found in McAllister et al. [1969], Kovach et 
al. [1971], and Kovach et al, [1972]. 

The seismic refraction experiment on Apollo 17 differed in 
scale from the earlier experiments and offered an unusual op- 
portunity to study the properties of the lunar crust to a depth 
of several kilometers. Four geophones were positioned in a 
T-shaped array, and eight explosive packages were placed at 
distances ranging from 60 m to 3 km from the array during 
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traverses on the lunar surface by the astronauts (Figure 1 ). The 
explo.sive charges were fired by command from earth after the 
astronauts had departed. In addition to the explosive packages 
the thrust of the LM ascent and the crash of the LM ascent 
stage back into the moon .served as seismic sources for the 
array. Figure 2 is a view from behind explosive package 8 (EP 
8 in Figure 1) looking eastward with the LM in the back- 
ground. A' 

An Aixsis OF Lun.ar Seismic Signals 

Apollo 14. The Apollo 14 astronauts landed on the moon 
in an area referred to as the Fra Mauro region (3°40'S latitude, 
17°27'W longitude). The region is underlain by the Fra Mauro 
formation, presumed to be the ejecta deposit produced by the 
large impact tiiat lormed the Imorium basin [Sutton et at., 
1972], Surface topography is characterized by a series of hum- 
mocks, ridges, and valleys trending radially from the Imbrium 
basin. At the landing site the astronauts placed three 
geophones in a southerly direction acro.ss the lunar surface and 
used the handheld thumper device to generate seismic signals 
at different positions along the geophone line. 

Figure 3 shows typical seismic signals recorded at the 
Apollo 14 site. Thumper firings within 9 m of a geophone 
produced seismic signals with very impulsive beginnings. As 
the distance between the thumper firings and the geophones in- 
creases, the seismic signals possess much more emergent begin- 
nings. The peak amplitude of the signals typically decreases by 
a factor of 60 over a distance of 60 m. 

It is of some help at this point to recognize the common 
assumptions underlying the interpretation of a seismic refrac- 
tion profile [Ewing et al„ 1939]; (1) layers are considered 
planar and propagate .seismic waves with a constant velocity, 
(2) at a layer boundary the path of a seismic wave is governed 
by Snell’s law, (3) a seismic wave traveling in a layer at an 
angle « with the normal travels with an apparent velocity 
F/sin a along the surface, and (4) the travel time of a seismic 
wave is the same if the point of detonation of the explosive 
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Fig. 1. Map of Apollo 1/ landing site showing position of geophOne array (G-l to G-4) and locations of explosive charges 
(EP 4 etc.) deployed during traverses. Location of lunar module is shown as LM, 


charge (shot point) and recording point are interchanged. The thickness of the 104-m/s layer is 8.5 m. This low seismic 
Departures from these assumptions are indicated by velocity is suggestive of a porous or highly fractured and brec- 
deviations of the observed seismic travel time data from linear ciated rock material and is believed to be representative of the 
segments drawn oh a travel time versus distance graph, lunar regolith, the veneer of unconsolidated and ‘gardened’ 
Two compressional wave {P wave) velocities were identified material that covers much of the lunar surface. Examination of 
in the lunar near surface at the Apollo 14 site. The first seismic the depth at which blocky floors can be seen in fresh craters 
arrival was observed to travel with a velocity of 104 m/s out to has determined that the regolith at the ApoHo 14 site ranges in 
a distance of 22.7 m, where the first arrival then traveled with a thickness from 5 to 12 m [C|^eW, 1970]. 
velocity of 299 m/s. At the Apollo 14 location the near surface The underlying velocity Of 299 m/s is in agreement with 
can be described as a surface layer with 104-m/s velocity velocities measured in the upper part of the terrestrial Meteor 
material overlying material possessing a seismic velocity of 299 crater ejecta blanket and therefore is compatible with the idea 
m/s. ’ that this velocity is indicative of ejecta material from the Im- 

The rocket thrust produced by the ascent of the LM from brium basin (the Fra Mauro formation). The Fra Mauro 
the moon produced seismic signals that were recorded by the returned samples are almost entirely composed of complex 
Apollo 14 passive seismometer at a distance of 178 m. The breccias et al., 1972]. 

travel time data of these signals are compared in Figure 4 with Apollo 16^ The lunar central highlands were the site of the 
the extrapolated travel time distance curves measured from the Apollo 16 landing (8°59'29”S latitude, 15°30'52"E longitude), 
astronaut thumper firings. As can be seen, the LM ascent The location of the LM and the traverses was on the Cayley 
travel times are in close agreement with the extrapolated travel formation, near the western edge of the Descartes Mountains, 
times; however, the first arrival arrives somewhat earlier than Premission photogeologic analysis had concluded that both of 
that predicted from the299-m/s horizon, this Situation reveal- these features were the products of igneous activity; the Cayley 
ing that material with a faster velocity lies beneath the 299-m/s formation was believed to be of volcanic origin, and lava 
material. If the critical distance for the arrival traveling domes (intrusive or extrusive masses of Very viscous lava) 
through the underlying material is taken as the length of the made up the rounded topography of the Descartes Mountains. ' 
geophone array (lOO m), a minimum velocity of 386 m/s is in- Apollo 16 astronauts, however, found only breccia saniples at 
ferred for the underlying material (Figure 4). the landing site; no evidence of any local igneous activity was 


[ 135 ] 




t’h. 'ncr.iph kI Apollo 1 7 l;indin)! site look ini’ ejstw.ird low jrd 1 M with I 1’ ■- m loreitouiid I S AS \ photoitr.iph 

Asr i4'-::ik4i 


dcUvlcil \ll(iJ^e\ ft at . I‘)/ '). More current inlerpreliilions oi 
the < 4\le\ ftirm.ilion view it .is .in eieet.i blanket Ironi the Im- 
briiim impaet 

rite three eeophones were .irranjted in a line irendmi! W N\k 
Iroin the eenlr.il station. As was mentioned above, enerev 
sources consisted ol the astron.iut-.ietiv ated thumper, rocket- 
propelled eren.ides. .ind the thrust ot the I M .iscent si.ijie. 

I he thumper evperiment provided tr.ivel time d.it.i over dis- 
tances r.iMitinj; between 4 .ind d| m I ijiure 5 shows .i tvpical 
senes ol thumper shots as recorded .it }>eophone 2. All ol the 
thumper siitn.ils .irrived with . I lirst , irriv.il velocil) ol 1 14 m s. 
as IS indic.ited bv the travel time plot shown in 1 iiture h 

D.it.i lor shot dist.inces between 7' and 4"^0 m were supplieil 

1 1 'I’l 


bv the itrenades I he signals recorded Irom a close grenade are 
shown in I igure ^ I he I M ascent was Urcaied IIKl- 170 m 
Irom the various geophones and also supplied uselul d.it.i 
Ir.ivel time d.it.i lor the grenades and I M ascent .ire shown in 
I Igure h In addition to the I 14-m s velocitv observed Irom 
Ihumper shots .i velocitv ol 270 ni s w.is detected at distances 
up to IhO m It IS hkelv that this arrival persists but is too weak 
to be detected .it greater dist.inces ll igure S) 

Ihe 1 14-m -- Liver is lounvl ti> be 12 2 in thick II we assume 
that whatever underlies Ihe 270-m s Liver h.is a velocitv ol at 
le.ist I 0 km s ind it we also assume that the relraclions Irom 
Ihe Lister hori/on begin lusl .liter the List detection ol the 270- 
m s .irriv.il. a miminum thickness ol 70 m lor the _’70-in s 
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Fig. 3. Seismic signals recorded at the Apollo 14 site at diflerent distances. Note the strong .signal attenuation with dis- 
tance and e.scept for the thumper shot to receiver distance of 4.6 m the emergent onsets' of the h'rst seismic arrivals. 


layer may be estimated. Alternately, if we assume that the first [Oberbeck, 1971] by crater counting. The base of the regolith 
(undetected) arrival at 445 m is still from the 250-m/s material, was not unambiguously observed in any of the craters in- 
it must he at least 220 m thick [Kouach and Watkins, 1973r7]. vestigaled by the astronauts. The underlying material with a 

The uppermost layer (1 14 m/s) may be identified with the 250-m/s velocity is thought to be representative of the Cayley 

lunar regolith, The 12.2-m thickness is within limits estimated formation. Returned lunar samples indicate that the formation 



DISTANCE (m) 


Fig, 4. Apollo 14 travel time curve combining data from the thumper .shots and the thrust of the LM ascent stage. 
Velocities of 1 04 m/s and 299 m/s arc recognized in the thumper data. A faster horizon with a minimum velocity of 386 m/.s 
is Inferred from the LM a.scent signal. 
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Fig. 5, Seismic signals produced by thumper lirings at lhe Apollo 16 site. The traces are aligned to the same relative in- 
stant of the thumper firings, indicated by the vertical line labeled shot instant. The line marked 114 m/s indicates the 
velocity inferred from the mea.sured onsets of the seismic signals. (The first number in the data identifier reflects the thumper 
firing, and the. second refers to the geophone on which the data were recorded.) 
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Fig. 6. Seismic arrivals from Apollo 16 thumper firings plotted on a travel time versus distance graph. The observed 
travel times for the first arrivals are shown as black circles. The distance between tick marks on the horizontal axis is 4.75 m, 
Shot 4-3 has an anomalously early arrival. fThe first number in the data point identifier is the thumper firing, and the second 
number is the geophone on which the data were recorded,) 


is a breccia. The 70- to 220-m thickness estimates of the Cayley 
formation are representative of the depths to the associated 
Descarte material that is part of the lunar highlands [Hodges et 
al.. 1973]. 

Apollo 17. The Apollo 17 mission landed in the Taurus 
Mountains at the southeastern edge of Mare Serenitatis 
(20°10'N latitude, 30°46'E longitude), This site provided 
access to both the highland material, which makes up the 
massifs of the Taurus Mountains, and the mare basalts, which 
fill the Taurus-Littrow valley, where the LM landed. Located 
near the center of the valley, the four-geophone array recorded 
seismic signals from eight explosive sources, the thrust of the 
LM ascent engines on the valley floor, and also the crash of the 
LM impact on the adjacent highlands (Figure 1). 

Typical signals are shown in Figures 9-1 1 for EP 3, 5, arid 6. 
In each case the center four traces show the seismic data as 
they were received from the moon. For all but the closest ex- 
plosive sources the first arrival has an emergent onset con- 
taminated by periodic noise generated by the transmitter used 
to send fire commands to the explosive charges. Prediction 
filtering was applied in two slightly dififerent ways to separate 
the noise and the signal. In the first approach a filter was 
designed that could predict the pattern of the noise, given a 
sufficient length of noise with no seismic signal. Starting be- 
fore the onset of the signal, the noise was predicted well into 
the future, and this predicted time series of noise was sub- 
tracted from the observed data. The result of this process is 
shown in the top four traces of Figures 9-11 and labeled 
'prediction filtering.’ 

The second approach utilized the same predictive filter as 
the first but applied it in a different manner. Instead of start- 
ing the filter before the arrival of the signal the filter was con- 
volved with the entire record of data. In other words, instead 
of predicting well into the future, only the next point beyond 
the filter is predicted. The error between this prediction and 


the next actual data point is the output of a prediction error 
filter shown in the bottom four traces of Figures 9-11. 

A failing of the first method is that its predictive accuracy 
diminishes markedly as it looks farther and farther ahead. The 
second method maintains a uniform accuracy of prediction 
but may alter the character of the seismic signal as it is con- 
volved with it. Specifically, the prediction error filter may “ac- 
cidentally’ begin to predict part of the signal as well as the 
noise, this behavior thus removing some of the information 
that we seek along with the noise. Comparisons of the two anal- 
yses were made, and arrival times of the signals were chosen 
to be consistent with both techniques. Both of these more 
sophisticated approaches detected the onset of the seismic ar- 
rivals significantly earlier than they could be observed In the 
raw data (Figures 9-11). 

The arrangement of EP 2, 3, 4, and 8 (EP 2 etc.) and the LM 
approximates a straight E-W line through the geophone array. 
Such geometry may be used to gain information about the in- 
clination of the layers beneath the surface [Ewing et al., 1939], 
The times of arrival of the first signal received at each 
geophone and of later impulses recorded there are shown in 
Figure 12, plotted against the distance of the source from the 
various geophones. 

The P wave velocities of 130 m/s, 327 m/s, and 750 m/s can 
be seen on both the east and the west side of the array. It can 
be seen that the 750-m/s arrival takes longer to travel to the 
array on the east side than it does on the west. Such a delay 
would be expected over an eastward-dipping bed with an ap- 
proximate velocity of 750 m/s at a depth of about 65 m 
beneath geophone 3. These data indicate an eastward apparent 
dip of about 3° in agreement with photographic observations 
made on the regional tilting of the lunar surface. 

The signals from EP 2 arrive at the array slightly earlier than 
the signals from the closer EP 3, If the EP 3 data are indeed 
first arrivals, this delay most likely represents relief of the 
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Fig. 7. Seismic signals produced by the detonation of an Apollo 16 grenade on the lunar surface. The detonation lime is 
marked by the vertical line marked fire. The small horizontal arrows indicate the onset of the seismic signal. 


order of 6 m on the surface of the 750-m/s layer. Relief of this data may be incorporated into the analysis of lunar crustal 

magnitude could be produced by the fracturing and crushing structure. A model derived under this assumption, however, 

due to impacting meteorites after emplacement and solidifica- will only be a regional average. In Figures 13 and 14 the arrival 

tion of the lunar material. times of first and later signals are plotted against distance from 

If it is assumed that all the layers are horizontal, all of the the geophone array for all the seismic sources. Five different 
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Fig. 8. Travel times measured ai the Apollo 16 site. 
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Fig. 9, Seismic signals recorded at the Apollo 17 site at a distance of approximately 300 m Irom the detonation of 
U3.5 g of high explosive, the four center traces show the raw data as received from the moon. The top four traces 
have been filtered to predict the pattern of the noise, and the lower four traces represent the output of a ‘prediction error 
filler, as discussed in the text. The arrows point to the measured onset Of the Iir.st .seismic arrival. Observe the improvement 
over the raw data. 
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Fig. II, Seismic signals recorded at the Apollo 17 site at a distance of approximately 1,2 km from the detonation of 
454 g of explosive. The four center traces are the raw data as received from the moon; the upper four traces have undergone 
the operation of prediction filtering. The lower four traces are the output of a ’prediction error’ filter. Note that theonset of 
the seismic .signal is detected significantly earlier than can be observed in the raw data. 
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DISTANCE, KILOMETERS 

Fig. l3, Apollo 17 regional travel time curve for all explosion packages and the LM impact. The travel lime for EP 1 and the LM impact have 
been corrected for delay through the crater Camelot and a difference in elevation, respectively [Kovach and Watkins, 19736]. First arrival 
velocities are 100, 327, 495, 960, and 4700 m/s. Dashed lines refer to travel time curves for best-fitting linear and power law velocity-depth 
relationships. 
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Fig. 14. Apollo 17 regional travel time curve for only the explosion packages. Dot-dash and dashed curves are best- 
fitting travel time curves derived for linear and power law velocity-depth relationships, respectively. The double dot-dash 
Curve refers to a power law relationship K = 0.793Z“'^ 


apparent signal velocities are observed as possible first 
arrivals; 100 m/s, 327 m/s, 495 m/s, 960 m/s, and 4700 m/s. If 
the layers are horizontal, these velocities equal the P wave 
velocity in the subsurface layers. The depths to the tops of 
these five velocity layers may easily be computed and are 


found to be 0 m, 4 m, 32 m, 390 m, and 1385 m. A schematic 
cross section of the Taurus-Littrow valley, showing seismic 
velocity structure, is given in Figure 15. All velocities arid 
depths have approximately a 10% error. 

To reach this interpretation, it has been necessary to make 



Fig. 15. Schematic cross section of the regional structure at the Apollo 17 landing site in the Taurus-Littrow valley. 
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some corrections to the data. The LM impacted on the lunar 
highlands 8.7 km from the array at an elevation 1.2 km higher. 
It is estimated that it takes 0. 14 s to traverse this additional dis- 
tance [Kovach and Watkins, 19736], In addition, the seismic 
signal from EP 1 is almost certainly delayed when it passes 
through or beneath the rubble underlying the crater Camelot. 
This delay has been estimated at 0.3 s. 

The topmost 4 m, with the very low velocity of 100 m/s, is 
taken to be the lunar regolith, Beneath this to a depth of 32 m 
is another slow (327-m/s) layer. This low-velocity material is 
probably indicative of rubble and broken rock, perhaps par- 
tially consolidated by later impacts. At a depth of 32 m the 
velocity rises to 495 m/s. This is interpreted to be the fractured 
or vesicular top of the basalt layers that are assumed to fill the 
Taurus-Littrow valley. This interpretation is in agreement with 
the geologic observations that basalt boulders are excavated 
from craters reaching to a depth of 20 m or more below the 
valley floor [Muehlberger et al., 1973]. At a depth of 390 m 
below the surface the velocity increases to 960 m/s. An in- 
crease in velocity is to be expected beneath the surface of lunar 
basalts, since the surface velocity will be very low owing to the 
intense fracturing induced by numerous meteorite impacts. 
The deepest and fastest (4.7-km/s) layer revealed by the 
seismic data is at a depth of 1,4 km. Such a large jump in 
velocity is more indicative of a compositional change than a 
change of physical properties alone. This high-velocity ma- 
terial is believed to be the anorthositic breccia of the high- 
lands, probably very similar to the samples collected from the 
massifs surrounding the site. 

Regolith thickness determined by seismic methods may 
differ from measurements based on crater morphology, 
boulder distribution, etc., since these techniques measure 
different properties of the lunar surface material. The 4 m of 
100-m/s material is very unconsolidated and may correspond 
to Only younger regolith (above the centraT cluster ejecta) 
[Muehlberger et al,, 1973]. The 327-m/s layer could then be 
older regolith, extremely fractured bedrock, or a mixture of 
both. The 4-m thickness may apply only to the LM region, 
which is on top of the relatively young central cluster ejecta. 
An alternate, Jess detailed regional-model omits the 327-m/s 
layer and has 7-12 m of 80- to l20-m/s material above the 494- 
m/s layer. 

A velocity of 4.7 km/s is in very good agreement with the P 
wave velocities of small breccia samples measured in lab- 
oratories. This agreement can be seen in Figure 16, where the 
density of various terrestrial and lunar breccia samples is 
plotted against P wave velocity. The in situ lunar mea- 
surements of. the velocity of the inferred basaltic layer, 
however, are significantly lower than the laboratory mea- 
surements of lunar basalt samples. Figure 17 shows velocity- 
density data for basalts. This discrepancy may be explained by 
noting that terrestrial field measurements of basalt velocities 
also are markedly lower than laboratory-measured velocities. 
The large-scale fracturing and jointing and thick vesicular 
layers, major factors in lowering in situ seismic velocities, 
would not be present in small laboratory samples, very likely 
chosen for their coherence. This same mechanism does not 
affect the lunar breccia because the higher pressures to which it 
is subjected (at a depth of 1.4 km) probably inhibit larger-scale 
fracturing and jointing [/o/irtTO/i, 1970], 

In addition to the first arrivals discussed above there appear 
to be arrivals that never appear first at any distance from the 
array (Figure 13), specifically ' the arrivals with apparent 



DENSITY g/cc 

Fig. 16. Plot of density versus P-wave velocity for terrestrial and 
lunar breccias. Data include both laboratory and in situ 
measurements. The horizontal line with arrows indicates the velocity 
and density postulated for the highland breccia presumed to underlie 
the Taurus-Littrow valley, The shaded area I represents field 
measurements on tuffs, impact breccias, and volcanic ashes. Shaded 
area II represents laboratory measurements on terrestrial impact brec- 
cias: Shaded area HI represents laboratory measurements on lunar 
breccias, shown lighter where they are uncertain. Data are compiled 
from Anderson et al. [1970], Chung [\913], Clark [1966], Kanamori et 
jt. [1970, 1971], Mizutani el al. [1972], Mizutani and Newbigging 
[1973], Titiman et al. [1972], Todd [1973], Todd et al. [1972], Wang et 
fl/. [1971], Warren el al. [1971, 1972], Watkins et al. [1965], and 
Watkins [1966a, b]. 


velocities of 80 m/s and 180 m/s. The 180-m/s signal can be 
explained as a shear (S) wave traveling on the highly fractured 
basalt below 32 m. The 80-m/s arrival does not correspond to 
an S wave in the surface layer of to multiple reflections of 
either P or S waves in any of the shallow layers; it may repre- 
sent surface waves in the upper layers. 

Internal consistency of all data with the proposed model 
should be one of the first tests. But in the two interpretations 
offered on the Apollo 17 data a paradox appears. The regional 
profile, incorporating data from all the seismic sources, implies 
a fairly low velocity (327 m/s) to a depth of 34 m, where the 
velocity increases to roughly 500 m/s. This layer appears to ex- 
tend to 390-m depth. But in the end-to-end profile with the 
utilization of only EP 2, 3, 4, and 8 and the LM ascent as 
seismic sources, the 327-m/s layer continues to 65 m, where the 
velocity increases to something distinctly greater than 500 m/s. 
(The data do not accurately define this velocity. It is taken as 
750 m/s in Figure 12.) No data are available for greater 
depths. The data do not preclude the existence of a thin 495- 
m/s layer, but why has the higher-speed layer disappeared in 
the regional velocity model? 

On the assumption that the limited data of Figure 12 do in- 
dicate an arrival with a velocity of about 750 m/s, the absence 
of this arrival in the regional model may be explained by two 
possibilities. First, terrestrial basalt flows are quite commonly 
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DENSITY, g/cc 

Fig. 17. Plot of density versus P wave velocity for terrestrial and 
lunar basalts. Shaded area I represents field measurements on 
terrestrial basalts, shown lighter where they are uncertain. Shaded area 
II represents laboratory measurements on terrestrial basalts. Shaded 
area III represents laboratory measurements on lunar basalts, shown 
lighter where they are uncertain. The numbers refer to laboratory and 
field measurements on the same basalt unit: number 1 is S-P basa|t, 
number 2 is Amboy basalt, and number 3 is Kana-a basalt, The arrows 
labeled 1-3 represent laboratory and in situ measurements on the same 
basalt unit emphasizing the importance of in situ fractures and cracks 
in larger-scale experiments. The horizontal line with arrows indicates 
the velocity and density postulated for the basalts filling the Taurus- 
Littrow valley. Data are compiled from same sources given in caption 
to Figure 16. 


thinly layered, and thinly layered units have been observed at 
the Apollo 15 landing site [Swann et al., 1972]. The resulting 
'thin layer’ effect [Watkins and Kovach, 1973] causes the 
energy traveling as a head wave in any thin strata to gradually 
‘leak’ out the bottom of the unit. Thus an easily detectable first 
arrival from a thin bed will at greater distances give way to 
later arrivals from deeper layers, even though the thin bed may 
still be present. This situation could account for the dis- 
appearance of the 750-m/s arrival (observed to 420 m) at dis- 
tances of 800 m (EP 7), 1200 m (EP 6), and 2300 m (EP 5). 
Alternately, of course, the higher-speed layer may not extend 
to the shot points of EP 5, 6, Or 7, Such discontinuities could 
be caused by either original flow characteristics or subsequent 
impact brecciation. As the energy passes downward out of this 
thin layer of basalt, it will encounter various flow boundaries, 
vesicular layers, massive jointing, and perhaps breccia lenses. 
All of these will tend to decrease the average velocity. As was 
mentioned barlier, the observed average velocity, 495 m/s, ls 
not Unreasonable for in situ velocity measurements on basalts 
(Figure 17). 

Second, the higher velocity tends to disappear in the 
regional model because arrivals from different depths are be- 
ing averaged. If the first arrivals from EP 2, 3, 4, and 8 and the 
LM ascent (Figure 12) were plotted together, a single 750-m/s 
line would not fit as well as a line representing a lower velocity 


with a smaller intercept time. Thus the 750-m/s arrival is ab- 
sent at great distances owing to the 'thin layer’ effect (or dis- 
continuity of the layer) and is hidden in the regional travel 
time curve because of the averaging effects of the eastward dip. 

Discussion 

Stratigraphy. Velocity models of near crustal structure are 
now available at three widely spaced locations on the lunar 
surface. Can any generalizations be made about lunar struc- 
ture from this limited set of data? 

At each site the shallowest layer had a velocity between 100 
and 1 14 m/s. At the Apollo 14 site this layer was 8.5 m thick; 
at the Apollo 16 site it had a thickness of 12.2 m. Only 4 m of 
this material was found at the Apollo 17 site. From the low 
velocity it was expected that this material would correspond to 
the lunar regolith. Earlier estimates of regolith thickness based 
on crater density had postulated a relatively thin regolith at the 
Apollo 17 site [Muehlberger et al., 1972]. Drill cores al the 
Apoiio 17 site encountered more resistant material at a depth 
of 2-3 m [Muehlberger et al., 1973], It would thus appear that 
the loose and powdery lunar regolith has a characteristic F 
velocity very close to 100-110 ra/s but has varying thickness 
over the lunar surface. The process of fragmentation by 
meteoroid impacts has produced a moonwide surface layer of 
very .similar acoustic properties. 

Underlying the regolith at the Apollo 14 site was material 
with a 299-m/s velocity, presumed to be the Fra Mauro forma- 
tion. Its thickness is not well determined but must lie between 
17 and 88 m. At the Apollo 16 site at least 70 m of 250-m/s 
material underlies the regolith, and it may be as thick as 220 m. 
This is the material that is thought to represent the Cayley for- 
mation. Both the Cayley formation and the Fra Mauro forma- 
tion are impact-derived breccias thought to be generated by 
the Imbrium impact. At least 30 ffl, and perhaps as much as 
62 m, of 327-m/s material underlies the regolith at the Apollo 
17 site. High-velocity material, presumed to be basalt, Is first 
detected 65 m below the geophone array. Between 32 and 65 m 
the velocity structure is uncertain. It is likely that 327-m/s 
material that grades into faster material with depth is present. 
Samples of breccia have been found near the Van Serg crater 
in the Taurus-Littrow valley, which is thought to overlie the 
basalt in this region. In addition to the breccia, sources of large 
boulders of basalt must be present below 20-30 m, since basalt 
ejecta are commonly found around craters excavating to this 
depth. 

All lunar landing sites show the presence of material with a 
velocity of 300 m/s (±50 m/s), poorly controlled estimates of 
thicknesses ranging between 17 and 220 m. The somewhat 
better controlled estimate at Taurus-Littrow, 30-60 m, fits well 
into the range of the other data. As was mentioned earlier, 300 
m/s is similar to velocities observed in ejecta at Meteor crater, 
Arizona. At both Apollo 14 and Apollo 16 sites this material 
was identified with the breccia generated by large basin- 
forming impacts. It cannot be resolved if the similar material 
at the Apollo 17 site is derived from a similar larger impact, 
from brecciation due to more local smaller impacts, or from 
partial pulverization of bedrock basalt. 

The breccia layer was the deepest unit seen at both the 
Apollo 14 and the Apollo 16 landing site. As was discussed 
above, the deeper layers filling the valley at the Apollo 17 site 
include a 495-m/s layer and a 960-m/s layer believed to repre- 
sent fractured and relatively intact mare-type basalt, respec- 
tively. 


[ 148 ] 


306 


Cooper et al.: Near-Surface Structure 


Gravity. A traverse gravimeter obtained data about the 
relative changes in the moon’s gravity at the Apollo 17 landing 
site. Such data provide additional constraints on the local 
structure. 

Preliminary analysis of the data (G. Thompson, personal 
communication, 1974) indicates a dense valley fill with a 
Bouguer anomaly of 32 i 5 mGal between the edge of the 
south massif and the center of the valley. The seismic refrac- 
tion data indicate a sharp increase in velocity (to 4.7 km/s) at 
1400-m depth. When the valley is modeled as slab 1400 m thick 
with sloping sides, a density contrast of 0.5-0. 7 g/cm“ between 
the infill and the surrounding highlands and basement is re- 
quired to explain the gravity anomaly. Are the materials, 
basalt and anorthositic breccia, that are postulated for the 
valley fill and its surroundings consistent with this constraint? 

Figure 16 shows the P velocities and densities of various 
breccias, both lunar and terrestrial, measured both in the field 
and in the laboratory. The horizontal line indicates the 
velocity measured at the Apollo 17 site. A density of 2.5-2.9 
g/cm“ would be expected with a 4.7-km/s breccia. Thus to 
meet the above constraint, the basalt would have to show a 
density between 3.0 and 3.5 g/cm^ at a velocity of 960 m/s. 
Basalt P velocities and densities, shown in Figure 17, indicate 
that a reasonable density for basalt showing such a low veloc- 
ity would be 3.2 g/cm®. Near-surface field measurements of 
seismic velocity yield much lower velocities than laboratory 
measurements on comparable samples. The heavy black lines 
connecting the numerals I, 2, and 3 show typical differences 
between laboratory and field measurements. With the cor- 
roboration by the gravity data, basalt and anorthositic breccia 
remain the most likely candidates to compose the structure in 
the Taurus-Littrow valley. 

Compacted powders. The standard methods of seismic in- 
terpretation, as described above, assume the propagation 
medium to be composed of distinct layers, each with a unique 
Velocity. The velocity models derived in this way are shown in 
heavy lines in Figures 18 and 19. These were derived from the 
travel time data given in Figures 13 and 14, respectively. 
Within each layer, velocity may increase slightly with depth 
without violating the assumptions behind the interpretation, 
but the first arrivals observed on the surface must have 
traveled as head waves, waves critically refracted along the top 
of each layer. Thus each layer generates one straight line seg- 
ment in the travel time curve (Figures 13 and 14). 

If the F wave velocity in the medium does not increase in a 
stepwise fashion with depth, i.e., if K(z) = az“, where z is 
depth, the travel time data will plot as a smooth continuous 
curve. Such a velocity function might be expected in any 
material whose composition or physical properties gradually 
change with depth. 

Motivated by the long duration of the seismic signals 
observed after impacts, various authors [Gold and Soter, 1970; 
Gangi, 1972] have suggested that the topmost layers of the 
moon consist of compacted powders. Can the lunar seismic 
data be represented satisfactorily by smooth functions, and are 
the implied velocity-depth relationships consistent with our 
knowledge of compacted powders? To investigate these ques- 
tions, Apollo 17 data will be used, since a deeper velocity 
structure is available here than at the other sites. 

The data points in Figures 13 and 14 certainly by themselves 
do not preclude the possibility of a smooth functional rela- 
tionship describing the travel time observations. Power laws of 
the form K(z) = az‘‘ have been used to describe the velocity- 
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Fig. 18. Plot of velocity as a function of depth at the Apollo 17 
site. Heavy solid line shows the layered velocity model. The thin solid 
line and dashed lines show best-fitting linear and power law velocity 
models. Note that linear and power law models cannot account for the 
4.7-km/s velocity. 

depth relationship in powders [Gangi, 1972], The values taken 
for 6 are 1/4 and 1/6. Gold and Soter [1970] used a linear 
velocity-depth model. 

In Figures 13 and 14the travel time curves that would result 
from these velocity-depth functions are plotted. They are ‘best 
fits’ in the sense that they are least squares fits to evenly spaced 
samples along the standard segmented travel time curve. This 
precaution was taken to avoid biasing our results by the con- 
centration of data obtained within 400 m of the array, 

The velocity functions determined by the travel time data 
are shown in Figures 18 and 19 for comparison with the stan- 
da-'d refraction velocity model. 
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Fig. 19. Plot of velocity as a function of depth at the Apollo 17 site 
excluding the LM impact data point, Heavy solid line shows the 
layered velocity model. The thin solid line and dashed lines show best- 
fitting linear and power law models. 
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Figure 13, showing all the seismic data out to a distance of 
8.7 km and hence reflecting velocities to a depth of 1.4 km, in- 
dicates that a power law model {b = 1/4; very little dilTerence 
was observed for b = 1/6) gives a very poor fit to the data. 
Better agreement can be obtained by a linear velocity model 
V(z) — 0.258 + 1.32z. This is very close to the model F(z) = 
0.150 + 1.35z taken by Gold and Soter. However, this linear 
velocity gradient model is unable to account for the sharp 
velocity increase that causes the small difference in travel time 
between the LM impact and EP 1 . This model predicts that the 
signal for EP 1 should arrive 0.4 s before it actually does. 

Travel time data from only the explosive charges (excluding 
the LM impact) are shown in Figure 14. Various power law 
velocity models can be made to fit the observed data, and a 
particularly good agreement can be obtained with a linear 
velocity gntdient model. (This situation is not too surprising, 
since the linear model has two adjustable parameters.) 
However, the linear velocity model has a velocity-depth 
gradient of 1.32 km/s/km. Data on compacted lunar and 
terrestrial rock powders [fVarren et al. 1971; Talwani et al., 
1973] have indicated that such high gradients are possible but 
only at very shallow pressures. Simple cold compaction of a 
fine-grained rock powder might be important in the upper tens 
of meters of the lunar near surface, but the seismic data 
preclude thicknesses of the order of kilometers. 

Conclusions 

Seismic velocities of 104, 108, 92, 114, and 100 m/s were 
measured for the lunar regolith at the Apollo 12, 14, 15, 16, 
and 17 landing sites, respectively [Kovach and Watkins, 1973a, 6; 
Watkins and Kovach, 1973]. These seismic data indicate that 
the process of fragmentation and comminution by meteoroid 
impacts has produced a layer of remarkably uniform seismic 
properties moonwide. Brecciation and high porosity are be- 
lieved to be the major causes of the extremely low velocities 
observed in the lunar regolith [Watkins and Kovach, 1973]. 

The Apollo 17 seismic data have revealed that the seismic 
velocity increases very rapidly with depth in the near-lunar 
surface, at least at this particular site. Velocities of 100 m/s are 
observed at the surface increasing to 4,7 km/s at a depth of L4 
km. These data are not compatible with the premise that a 
rock powder layer extends to a depth of 1 km or so in the 
moon. The observed magnitude of the velocity change and the 
ifnplied steep velocity-depth gradient of >2 km/s/km are 
much larger than have been observed on compaction ex- 
periments on granular materials [Talwani et aL, 1973]. Such a 
large velocity change is indicative of compositional and tex- 
tural changes and in view of the geologic observations at the 
Apollo . 17 site is compatible with the proposed model of 
basaltic flows (fractured near the surface) overlying the 
presumably anorthositic breccias that form the lunar high- 
lands. 
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Energy, frequency, and distance of moonquakes at 
the Apollo 17 site 

Michael R. Cooper and Robert L. Kovach 
D epartment of Geophysics, Stanford University, Stanford, California 94305 

Abstract — “Thermal" moonquakes have been detected at the Apollo 17 site. A typical event releases 
about lO^-IO’ergs of energy. The annual seismic energy release for the eveiilN observed in the 
Taurus-Littrow Valley is estimated at 10" ergs. Such small events would not cause impossibly rapid 
erosion on either the North Massif or within the craters of the Central Cluster. Seismic events become 
increasingly frequent after sunrise and reach a maximum at sunset. The largest events, however, occur 
most commonly near lunar noon. Rise times of the seismic signals, after being calibrated by the 
well-located Lunar Seismic Profiling Experiment (LSPE) seismic sources, were used to estimate 
distances to the seismic events. Most seismic events (~90%) appear to occur within 2.5 km of the 
seismometer array. 


Introduction 

Short-period seismic instruments were successfully deployed on Apollos 14, 
15, 16, and 17. The short-period seismic signals detected on the first three missions 
have been analyzed by Duennebier and Sutton (1974a). Seismic activity at these 
three stations showed generally similar characteristics; activity was concentrated 
in daylight hours, natural events were observed to recur identically at about the 
same time each lunar day, and the events were all very small (by terrestrial 
standards). These characteristics led to the suggestion that the most likely source 
mechanism for these moonquakes was downslope movement of material. 

The similarity of the observations on Apollos 14, 15, and 16 suggested that 
seismicity at the Apollo 17 landing site would not be markedly different. At the 
Apollo 17 landing site four geophones are arranged in a T-shaped array. 
Characteristics of the seismic instrumentation are given in Kovach et ai. (1973). 
These devices were part of the Lunar Seismic Profiling Experiment (LSPE), 
which involved the detonation of eight explosives to investigate the structure of 
the Taurus-Littrow Valley (Cooper et al., 1974). In the ensuing months, the 
experiment was activated periodically in a listening mode to detect seismic 
signals. In this paper we discuss the seismicity at the Apollo 17 site and its 
differences with seismicity at other sites. The explosive packages of the LSPE 
serve as controlled sources at known locations and origin times. The amplitudes 
of these records enable us to estimate the energies of moonquakes. The envelope 
of the explosion seismograms was found to vary systematically with source 
distance, in agreement with scattering theory. One aspect of the envelope, the rise 
time, increases with source distance and, following calibration by the explosion 
packages, may be used to estimate the distance to natural seismic sources. 
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Energy of Moonquakes 

To estimate the source energy of seismic events, the relationship between 
source energy and ground displacement (or some other observed quantity) must 
be determined. The most direct method is to compare the observed maximum 
ground displacements with the known source energies of the LSPE artificial 
sources (Dunnebier and Sutton, 1974a; Criswell and Lindsay, 1974). Figure 1 
shows the overall system sensitivity to ground motion for the Apollo 17 seismic 
system. 

We use the empirical relation: 



where A is the maximum peak-to-peak amplitude (nm), r is the source distance 
(km), and E is the source energy (ergs), k is the coupling factor to be determined, 
and is proportional to the square root of seismic efficiency. The coupling 
coefficient has been determined for total amplitudes and for amplitudes at specific 
frequencies. Power density at particular frequencies and times was determined by 
maximum entropy spectral analysis (J. P. Burg, personal communication, 1974; 
Ulrych, 1972; Ulrych et al., 1973). Amplitude of ground motion was then 
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Fig. 1. Sensitivity of Apollo 16 and 17 seismic instrumentation to ground displacement 
(zero-to-peak). The values were computed from shake table tests on the seismic system. 
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computed at intervals of 0.47 Hz between 3 and 20 Hz, after correcting for 
instrument response. Total ground displacement was estimated by 


U-rOT={^W(f)fj =V2C7, 


(2) 


The maximum amplitudes (zero-peak) determined in this way are listed in Table 1', 
Also included are the energies of the LSPE artificial sources and the distances 
from these sources to each of the four geophones. 

The coupling factor has been computed from Eq. (1) and values averaged for 
each source are plotted in Fig. 2. The k computed from the maximum U-ror 
(labeled “RMS,” in Fig. 2) maintains a reasonably constant value as distance 
increases. But at any individual frequency, corresponding to measurements on 
band-pass-filtered seismograms, the coupling factor changes markedly between 
the near and the distant sources. This is due to changes in the spectral 
characteristics of the seismograms of more distant sources. For nearby. sources, 
the dominant frequency component is 7 Hz with a strong second peak at 
10-1 1 Hz. As source distances increased, the peak frequencies decreased, the 
second peak became weaker and eventually disappeared af distances beyond 





9 HZ 


h-r— 

8 


Fig. 2. Comparison of coupling coefficients of the LSPE seismic sources at distances 
from 128 m to 8.7 km. Coupling coefficients were determined for VZ'RMS ground 
displacement (labeled “RMS”), and for displacement components at 5, 9, and 12 Hz. 


1 
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Table 1. 


EP# 

Geophone 

no. 

Dist. 

(m) 

Mass expl., g 
(energy, ergs) 

o-p Max, displacement, nanometers 

t-^TOT 

5 Hz 

9 Hz 

12 Hz 

8 

1 

179 

113 

508 

105 

86 

74 


2 

101 

(4.25 X 10'^) 

854 

95 

132 

142 


3 

122 


543 

110 

143 

78 


4 

112 


559 

82 

121 

101 

4 

I 

269 

57 

179 

28 

47 

17 


2 

172 

(2.1 XIO'^) 

290 

43 

95 

33 


3 

215 


noise 

noise 

56' 

44 


4 

220 


187 

42 

34 

40 

3 

1 

242 

57 

206 

30 

45 

29 


2 

341 

(2.1X10'") 

102 

16 

31 

16 


3 

288 


173 

23 

54 . 

28 


4 

287 


165 

26 

44 

21 

2 

1 

327 

113 

171 

31 

42 

16 


2 

425 

(4.25 X 10'") 

120 

50 

27 

14 


3 

371 


168 

30 

44 

19 


4 

366 


139 

26 

42 

19 

7 

1 

800 

227 

108 

44 

15 

3 


2 

865 

(8.5X 10'") 

76 

34 

12 

2 


3 

810 


88 

36 

14 

2 


4 

672 


74 

34 

14 

3 

6 

1 

1195 

434 

74 

31 

8 

1 


2 

1240 

(19x10'") 

; 67 

23 

9 

1 


3 

1195 


84 

42 

10 

2 


4 

1095 


68 

40 

8 

2 

5 

1 

2230 

1361 

. . 51 

35 

2 

1 


2 

2330 

(57X10'") 

72 

13 

2 

<1 


3 

2290 


62 

34 

3 

1 


4 

2320 


52 

29 

2 

1 

1 

1 

2855 

2722 

71 

10 

1.5 

0.2 


2 

2758 

(110x10'") 

60 

10 

1.0 

0.1 


3 

2818 


75 

16 

1.5 

0.4 


4 

2870 


57 . 

16 

1.5 

0.2 

LM impact 

I 

8700 


212 

50 

5 

1.3 


2 

8700 

(3.15x10"') 

161 

64 

6 

1.6 


3 

8700 


199 

60 

6 

1.5 


4 

8700 


159 

38 

6 

1.5 

Background noise 





<0.4 

<0.2 

<0.1 


1.2 km. A spectrogram computed on the seismogram of the lunar module (LM) 
impact has a single, relatively narrow peak at 4 Hz. This change in chsrgcler is 
influenced by at least two factors: more rapid attenuation of the higher frequen- 
cies and different source characteristics as explosion sizes were increased to 
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compensate for greater source distances. It can be seen from Fig. 2 that any 
estimate of moonquake source energy must use either total power or some low 
frequency that is excited uniformly for all sources. The use of any higher 
frequency would require information about both source distance (to choose the 
appropriate vaiue of the coupling factor) and the moonquake source mechanism. 
Since the source spectrum of moonquakes is unknown, the coupling coefficient 
for total power will be used for all moonquake energy estimates. 

It is generally assumed that moonquakes are more efficient than surface 
explosions, since it is unlikely that moonquakes excavate craters or toss up much 
regolith. Following Duennebier and Sutton (1974a) we allow kmq to be 32-100 
times larger to compensate for this difference. This corresponds to moonquakes 
being 10^-10'* times more efficient. Choosing 3 X 10”^ nm km erg“''^ as a represen- 
tative kep, we can determine k,„, to be in the range 9.6 x 10~* to 30 X 10■■^ Typical 
moonquake amplitudes are about 1 nm (peak-to-peak). Assuming a typical source 
distance to be 2 km, an average moonquake releases 0.4-4.3 x 10® ergs. If the 
events are as distant as 5 km, the source energy is 0.3-2.7 X 10^ ergs. Purely for 
purposes of comparison, assume the empirical relationship between source 
energy and magnitude (Richter, 1958): 

log E = 11.4 + 1. 5 Ml 

the “magnitude’' of a large moonquake would be —2.0 to —2.6. Similar assump- 
tions about the relationships between magnitude, seismic moment and fault length 
(Wyss and Brune, 1968), imply a fault area of about 10 m^ and6-cm slip for a large 
event. We do not necessarily expect these empirical, terrestrial relationships to be 
valid for lunar seismic events; we merely want to illustrate that these short-period 
moonquakes are very small compared to earthquakes. The annual release of 
seismic energy detected at the Apollo 17 site may be crudely estimated at about 
10“ ergs, based on the number of “average moonquakes.” Duennebier and Sutton 
(1974a) suggested that these moonquakes were possibly the result of gravitational 
slumping on lunar slopes. Erosion rates may be calculated from these seismic 
energies, if it is assumed that all the energy released originated as gravitational 
potential energy. Using a simple geometrical model of a planar slope, a 1° change 
in slope in a small (150 m deep) crater could occur over as short a time as 4 m.y. 
(Duennebier and Sutton, 1974a). Our estimates of energy release imply that such 
slope degradation would occur over 750 m.y. 

Both estimates are based on 100 “typical’' events within the crater; the energy 
of a “typical” moonquake (1-nm peak-to-peak, 2 km away), based on our k™, was 
taken to be 4 x 10® ergs. Duennebier and Sutton (1974a) using a much smaller k„„ 
of about 7x 10"’ nm km erg~‘'^ employed a typical moonquake of 7 X10^ ergs. 
Their was derived from near-source Apollo 16 grenade and thumper data 
filtered around 5 Hz; a comparison of their data (Duennebier and Sutton, 1974b) 
with the values in Table 1 (e.g. EP 2, geophone 2; EP 4, geophone 2) suggest that 
they may have been given incorrect maximum displacement values. If their 
displacement values are correct, the 5-Hz seismic efficiency of the thumper and 
grenade shots at the Apollo 16 site would have to be at least 200 times smaller than 
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the efficiency at the Apollo 17 site, even though the material properties at the two 
sites seemed to be generally similar (Cooper et al, 1974). Criswell and Lindsay 
(1974) looked at lunar surface exposure ages and concluded that the earlier 
computed erosion rates were impossibly high. Their suggested mechanism, 
booming sand dunes, had such small source energies due to their high efficiencies 
(1-5%) that they would induce only very slight erosion. Our results show that 
gravitational slumping can account for the moonquakes without requiring massive 
erosion of all lunar slopes. Landslides, with our energy estimates, would cause a 
given amount of erosion in 20-80% of the time suggested for booming sand dunes. 


Seismicity 

Following the detonation of the LSPE explosions, the seismic array was 
activated for numerous short (usually 30 min) listening periods. Since the short- 
period seismicity on earlier Apollo missions showed very similar properties over 
numerous lunations, it was decided to accumulate data that would cover the 
moon’s orbit by eight short (4 earth-day) listening modes during various lunations. 
The times of the seven completed listening modes are given in Table 2, and the 




Fig. 3, Earth-moon diagram showing position of moon during each of the seven Apollo 
1 7 listening modes. Small numbers in hatchured blocks represent the chronological order 
of listening periods (Table 2). The moon’s position at sunrise, noon, etc. at Taurus- 
Littrow is indicated. Histograms outside of moon’s Orbit show average number of 
seismic events (&4 mm on compressed Seismogram, ~ &0.2-nm zero-to-peak ground 

displacement) per hour. 
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Table 2, Apollo 17 LSPE listening modes. 


No. Date No. events Cutoff amp. (mm) 


1 

July 13-17, 1973 (194-198) 

121 

8 mm 

2 

March 3-6, 1974 (62-65) 

114 

8 mm 

3 

August 12-16, 1974 (224-228) 

261 

3 mm 

4 

September 6-10, 1974 (249-253) 

234 

7 mm 

5 

October 22-25, 1974 (295-298) 

106 

7 mm 

6 

November 1-5, 1974 (305-309) 

365 

7 mm 

7 

December 12-16, 1974 (346-350) 

54 

7 ram 


position of the moon relative to the earth-sun line during these modes is shown in 
Fig. 3. 

Compressed seismograms (Fig. 4) of all the listening periods were obtained. 
These were used for all subsequent measurements on the moonquakes. 



Fig. 4. Compressed seismogram from July 1973 listening period (Day 195: 
1600-1708 hr). Time between the short vertical lines is 10 min. Geophones are numbered 
at the left. The largest event (labeled MQ) had an amplitude of 25 mm. (Original photo 
courtesy of F. Duennebier.) 
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Plotted around the moon’s orbit in Fig. 3 are histograms depicting the average 
number of moonquakes per hour for each earth-day of all the listening periods. 
This activity includes all events with amplitudes greater than 4 mm on the 
compressed seismograms (zero-peak ground motion greater than about 0.2 nm). 
These events comprise natural moonquakes, impacts, and noises generated in the 
abandoned Apollo equipment. The consistency of seismic activity between 
adjacent listening modes in Fig. 3 which were separated in time indicates that the 
seismic activity probably changes little from one lunation to the next. Activity 
increases slowly after sunrise, reaches a maximum of about 10 events/hour at 
sunset, then slowly decreases to a nighttime value of about 0,5 events/hour. Over 
60 short (30 min) listening periods between April 1973 and July 1974 were 
analyzed, and showed levels of activity almost identical to those in Fig. 3. 

Seismic activity at the Apollo 14 site showed a “boxcar-like” distribution 
(Duennebier and Sutton, 1974a) over a lunation beginning shortly after sunrise and 
ending just after sunset. The Apollo 17 activity is distinctly different, showing 
much more gradual changes in activity. The reason for this difference is not clear. 
It may be related to the steep-walled graben in which the Apollo 17 landing site 
lies. The various slope angles in the valley may “smooth out” the otherwise 
sudden terminator crossing and concomitant thermal effects. The sharp changes in 
seismicity detected on the earlier missions could also be partially explained if the 
thermal noises from the insulating shroud that covered the seismometer (Latham 
et al., 1971, 1972) were not completely removed. 



AMPLITUDE, MM 


Fig. 5. Frequency-amplitude plots of the seven listening periods, in the order of their 
occurrence in the lunar day (cf. Table 2; Fig. 3). Black dots represent all events, open 
triangles represent events with rise times greater than 20 sec. Straight lines shown have 

been fit by eye. 
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Frequency-amplitude plots have been made for each period and compared to 
the relation log N - a + b log A in Fig. 5. In this relation A is amplitude (nm) on 
the compressed seismograms and N is the number of events with amplitude equal 
to or greater than A (Isacks and Oliver, 1964). The steeper the slope (b) in such a 
diagram, the more extensively small events dominate the seismic activity. Each 
plot shows two data sets: (1) all events on the compressed seismograms with 
amplitudes greater than a cutoff amplitude (generally 7 mm; see Table 2), and (2) 
the subset of the above with rise times greater than 20 sec. Rise time, the time the 
seismic wave envelope takes to reach a maximum, depends on properties of the 
lunar crust and source distance (Latham, et ai, 1972). Events that originate within 
the abandoned Apollo equipment or the remaining ALSEP experiments show 
very short rise times — 10 sec or less. A 20-sec minimum rise time was chosen for 
the second set to insure that no artificial events are included in the second data set. 
Although it has been suggested that it is possible to differentiate moonquakes 
from impacts in short-period, full-scale seismograms, they cannot be separated in 
the compressed seismograms used for this study. High-frequency events (signifi- 
cant energy at frequencies above 5 Hz) were taken to be meteor impacts by 
Duennebier and Sutton (1974b). Using their frequency-amplitude relation for 
impacts detected by the Apollo 14 short-period instrument (after converting to the 
scale used on the compressed seismograms), 51 impact events larger than 4 mm 
and 7 impacts larger than 30 mm could be expected per year. In the four-day-long 
listening periods, 0.55 events larger than 4 mm, and 0.05 events larger than 30 mm 
would be likely to be high-frequency events; i.e. caused by impacts. Thus the 
inclusion of these few impact events will not affect the results we present here. 

Straight lines have been drawn by eye through the distant subset of the data 
(Fig. 5) and the slopes are recorded in Table 3. The nighttime listening mode is 
characterized by a steep slope of —3 or —4. As seismic activity increases during 
sunlit periods, the b values drop sharply to —2.0 and slowly rise during the day 
and following night. 

The b values are so large that, contrary to terrestrial experience, more of the 
total source energy is released by the more common small events. For example, in 


Table 3. 


Time 

b 

Maximum 
likelihood b 

A (mm) 

October 1974 

-4.25 

-6.80 

9.26 

March 1974 

-2.25 

-2.89 

11.30 

July 1973 

-2.14 

-3,86 

10.37 

November 1974 

-2.47 

-4.34 

10.07 

September 1974 

-2.40 

-4.80 

9.86 

August 1974 

-2.90 

-4.79 

9.86 

December 1974 

-2.99 

-3,30 

(-5.30)'» 

10.83 


’‘'Obtained using all events with A ^7 mm, (r 5^21 sec. 
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the September 1974 lislening period {b = -2.40; distant events only), the seventy- 
three 7~9-mm events imply almost three times the energy of the three 15-16-mra 
events. This may be seen by considering the frequency-amplitude relationship for 
the number of events with amplitude between A and A + clA (Isacks and Oliver, 
1964), where A is maximum trace amplitude (mm) on the compressed seismo- 
grams: 

n (A ) = /cA 

(Note the difference between this and the frequency-magnitude relationship 
n(M) = k lO”*"^.) Fix r in Eq. (1). The energy of each of the n(A) events may then 
be calculated (after correcting for the response of the compressed seismogram). 
The frequency-amplitude formula will yield the ratio of the numbers of events, 
?hAi) and niA^), with amplitudes Ai and Az (assume A, < A2), and Eq. (1) will 
give the ratio of the energies: EJE 2 — (AtlAif. Thus the ratio of source energy of 
each of the sets will be 

n(A,) 

niAz)' E 2 \Aj • 

Since A2 > Ai, more energy will be released by the small events whenever b >1. 
Although we have assumed a fixed source distance, the inclusion of this parameter 
would increase the amount of energy in small events, since random large events 
would probably have been detected from distant regions where a small event 
would generate a seisniogram too small to notice. This unusual energy relationship 
casts doubt on the accuracy of the energy estimate obtained earlier. Clearly, 
significant energy is being released by events below the amplitude cutoff of our 
investigation. The frequency-amplitude plots (Fig. 5) may be leveling off at 
6-7 mm (as they eventually must); whether this reflects an actual reduced 
frequency of small events— or is only an; observational limitation — cannot be 
determined. It should be remembered that the energy release figures are minimal 
estimates based on the sequences of events with amplitudes between (roughly) 7 
and 70 mm. 

Utsu (1966), has devised a maximum likelihood estimate of values, com- 
puted by 

b = ^ogi° g 
M-M. 

where M* is the smallest magnitude in the set of s earthquakes, e is the base of 
natural logarithms, and M = I/5 2 Mi. We have applied this to the distant data, 
using 8 mm as the lowest amplitude, and defining M — logio A. These b values are 
also listed in Table 3, as is the mean amplitude. Ten millimeters on the compressed 
seismograms are generated by a ground motion of approximately 1-nm peak-to- 
peak. A change in amplitude of 1mm would correspond to about 0.08-nm 
peak-to-peak in actual ground displacement. The same systematic change is seen 
in the maximum likelihood b values, and therefore is reflected in the trends of the 
mean amplitudes. The actual values of the mean amplitudes, of course, reflect the 
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arbitrary cutoff amplitudes; the means refer to the means of particular sets of 
events. Largest events seem to be most predominant after sunrise, decreasing in 
importance throughout the remainder of the thermal cycle. The December 1974 
listening period detected very few events; its b values and M were extremely 
sensitive to choice of M*. Until more events can be obtained with the moon in this 
position, the values should be taken as approximations of questionable signifi- 
cance. 

Thus the b values indicate that the increase in activity during the day does not 
seem to be reflected in large and small sources equally. One explanation of this is 
that there may be two populations of sources, for example, slumps in unconsoli- 
dated material, and thermal creaking in rocks, which react differently to the lunar 
heating cycle. 


Rise-Time analysis 

Lunar seismograms of natural or artificial events appear quite different from 
terrestrial seismograms. Lunar records are emergent, lack or show only poorly 
developed phases, and continue ringing much longer than expected. These 
properties have been explained (Latham et ai, 1972) by scattering in the 
near-surface layers. Arrival energy is then determined using the two dimensional 
diffusion equation (assuming an instantaneous point source): 



where E(t) = seismic energy density observed at a time t after origin 
Eo = source energy 
r= source distance 
f = diffusivity 
to = angular frequency 
1/Q= dissipation constant. 

This equation determines the “shape” of the moonquakes in Fig. 4. Rise time, the 
time between origin and maximum of the signal, may be determined by differentia- 
tion: 



This should increase monotonically with increasing r, assuming the material 
properties | and Q remain constant. Thus, knowledge of the rise time of an event 
will yield an estimate of its distance. The rise times of the eight LSPE explosions 
and the LM impact were measured for total power and at 5, 9, and 12 Hz. The 
averaged rise times are plotted in Fig. 6. Poorly defined maxima on the more 
distant shots limited resolution of these rise times to a 10-sec window. The 
P -travel time from the most distant sources was less than 6 sec, so errors caused 
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Fig. 6. Rise times of seismograms generated by LSPE sources. Rise times were measured 
at total power, and at 5, 9, and 12 Hz (U-Hz bandwidth). Sources are indicated at the top. 

The theoretical zone was computed using f = O.017-O.O33 km^/sec, Q = 1700-3000. 

by differences between total rise time, and rise time after signal onset will be 
slight. 

The observed rise times in Fig. 6 deviate from theoretical predictions beyond 
1km, the deviation being most apparent at higher frequencies. One possible 
explanation of this discrepancy is variable material properties along the deeper 
ray paths. Rise times at higher frequencies are clearly of little value in estimating 
source distance. A 35-sec rise time at 9 Hz could come from 0.7, 2, or 3-7 km. 
Similar ambiguities probably affect total power and 5-Hz rise times at distances 
greater than 3 km (t, =95 sec). Rise times of total power of 1255 events in the 
seven listening periods were measured from the compressed seismograms, and 
are plotted as frequency histograms in Fig. 7. The t, versus distance relationship 
observed in Fig. 6 for total power is plotted at the top. Both the explosion and 
moonquake seismograms carry most of their energies at low frequencies. The 
“spectral peaks” of moonquakes range between 3 and 9 Hz, and average about 
4-6 Hz, As mentioned earlier, high-frequency events would be relatively rare, if 
they occurred as often as at the Apollo 14 site. Thus, moonquakes should exhibit a 
dependence of total power rise time on distance that is similar to that of the 
explosion packages. Two peaks — at 10 sec and at 40 sec — ^are apparent. The first 
peak represents very local events, many of which are probably “LM burps” and 
other artificial signals. These appear to be most numerous near sunrise and sunset 
(in October, November, and September). The second peak corresponds to events 
at a distance of about 1.5 km. The source distance to any of the rare 10-20-Hz 
events would, however, be significantly underestimated by this technique. Moon- 
quakes exhibit very emergent beginnings, so the rise times may be systematically 
low if a low-amplitude early arrival were missed. The measurements were 
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DISTANCE, KILOMETERS 



RISE TIME, SECONDS 

Fig, 7, Histograms, showing the frequency of occurrence of different rise times (5-sec 
blocks) in each of the seven listening periods. The distance scale at the top is adopted 
from the rise lime-distance relationship for total power in Fig. 6. 

consistent with similar measurements made on over 50 detailed seismograms, and 
repeatable within 5 sec, and it is unlikely that our measurements of rise times 
consistently missed any detectable onset by more than 10 sec. But, if the first 
arrivals were undetectable; i.e. below the detection level of the instrument, the 
resulting bias would lead to measured rise times that were consistently short. To 
estimate the size of this error, rise times were measured from the explosion 
package spectrograms, but much higher noise levels were added. Measurements 
were made by assuming the background noise level was 4, 10, 20, and 30 db below 
the signal’s maximum. At any fixed source distance, the relative error in 
detectable rise time stayed approximately constant. With a signal only 4 db above 
noise level, only 62% of the true rise time was seen; for 10 db, 70%, for 20 db, 
82%, and for a signal 30 db above noise level, 92% of the rise time would be 
observed. Thus a 40-sec rise time measured on a signal 10 db above background 
noise may actually be closer to a 57-sec rise time. Most events seem to be 15-20 db 
above noise level, so that a typical bias would be on the order of 25%. Due to the 
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elementary nature of this error estimate, we have presented the data in Fig. 7 
without any correction. The reader is warned that any distance estimates from 
these histograms are minimal, but are probably not incorrect by more than a factor 
of two. 

Even assuming that the total power rise times are always low by a 6-sec error, 
90% of the events occur within 2.5 km of the array. However, distance estimates 
based on the rate of signal decay appear to be somewhat greater (F. Duennebier, 
personal communication, 1975). 

Discussion 

The central question concerning short-period moonquakes still remains — 
What causes them? The various studies of short-period moonquakes have pointed 
out phenomena which will bear on the source mechanisms. The waveforms of 
short-period moonquakes have been observed to repeat themselves exactly 
(Latham et ai, 1972). Two events which generate identical seismogtams must 
have the same source function and must occur in the same place (to within one 
wavelength). The correlation with the SOO^K diurnal temperature variation implies 
that moonquakes must at least be initiated in regions that have a significant 
temperature variation. Langseth et al. (1973) reported that the diurnal temperature 
variation was attenuated to 0.3°K only 57 cm beneath the surface. If the values of 
/c,„„ derived from data generated by surface explosions, are applicable, the 1-3-nm 
displacements are indicative of very small source energies. Whatever the source 
energy of the events may be, however, the sources cannot have significant erosive 
power; the persistence of lunar slopes over billions of years and the great 
exposure ages measured on returned lunar samples preclude significant erosive 
ability. Any source mechanism must then satisfy the following constraints: (1) a 
nearly repeatable source time function; (2) correlation with the 29-day lunar 
thermal cycle — hence source depths very close to the surface; (3) small source 
energy; and (4) implied low erosive power. 

Since the first observation of these events, a number of explanations have 
been suggested — tectonic events, slumping or landsllding (Latham et al., 1970), 
thermal noises from basalt or breccia blocks (Latham et ai, 1971) and booming 
sand dunes (Criswell and Lindsay, 1974). The marked correlation of activity with 
the thermal cycle would appear to eliminate tectonic fault movements as the 
source for most moonquakes. It is also unlikely that the same motion would recur 
over the same slip region, a phenomenon that is required by the occurrence of 
duplicate events. It is not clear that thermal stresses in boulders can build up as 
high as 10* ergs. Booming sand dunes (Criswell and Lindsay, 1974) or gravitational 
slumping (Duennebier and Sutton, 1974a) appear as the most likely source 
mechanisms. Both of these sources depend on gravitational potential energy — in 
the former case to accelerate sand grains to the point of seismic emission, and in 
the latter to provide the force for downward motion. The simplest “device” for 
this energy change is a sloping surface. 

Our estimates of source energy do not rule out either of these mechanisms. 
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Landslides releasing sufficient energy are relatively small and do not cause undue 
erosion. Little is known about the mechanism or efficiency of booming sand, but 
lOLerg booming events have been suggested (Criswell and Lindsay, 1974) as being 
sufficient to account for the rnoonquakes. 

If the changes in b value reflect changes in applied stress (Scholz, 1968), 
stresses in the source must be low just after sunrise and rise “rapidly” reaching a 
maximum near lunar noon. The stresses remain roughly constant or decrease 
gradually through the lunar afternoon and night. No change in b value, and, by 
implication, in applied stress is observed at sunset. It is expected that b slopes in 
the period preceding sunrise would show the steady increase, seen since noon 
(excepting the small sample obtained in the December 1974 period). This stress 
history is consistent with thermoelastic stresses induced by heating, but an 
aseismic stress release mechanism is then required to release stresses generated 
during cooling. Such a “one-way” mechanism is in agreement with the observa- 
tion that the repeating seismic events never repeat with reversed polarity 
(Duennebier and Sutton, 1974a). Warren and Latham (1970) reported thermal 
cracks generated by the heating and cooling of laboratory samples. These events 
also showed high b values, in the range —1 to —3. They suggested that high b 
values are indicative of all thermally induced events. They mention that 
“activity . . . starts rather abruptly, increases rapidly to a maximum, and decays 
slowly.” Such a mechanism might explain the lunar activity — activity starts 
suddenly at dawn, but only in a thin surface layer. Total activity increases as the 
thermal wave penetrates deeper into the regolith, with new, deeper activity adding 
to the “slowly decaying” shallower events. The larger events in the experiment 
occurred predominantly in the first half of each activity episode. These results 
would predict a repetition of daytime activity after sunset as the “cooling wave” 
penetrated the regolith. Such effects are not observed. Finally, no activity was 
observed in the laboratory specimens after repeated (15-20 times) thermal 
cycling. Although these events could explain some of the characteristics of lunar 
seismicity, the absence of a post-sunset increase and the mere presence of events 
after millions of diurnal thermal cycles on the moon suggest that thermal cracking 
is not the source of rnoonquakes, or, at best, is modified and constrained by other 
phenomena. 

If rise times can be accurately measured and the explosion-derived relation- 
ship between rise time and distance is valid, most events must occur within 2 km 
of the array. The fresh-appearing Lee-Lincoln scarp is never closer than 5,4 km 
from the seismic array. The edge of North Massif is almost 3 km away. Since 
distance estimates based on rise time are minimal estimates, we cannot conclude 
that the North Massif is too far away to account for the seismic sources. While the 
scarp to the west could provide a possibly active fault, it seems too distant to 
account for the events. Such a source would imply a total power rise time of 
100 sec or greater, and thus observational errors on the order of 60 sec. The array 
lies on the north edge of the Central Cluster of craters which range up to a 
diameter of about 650 m. A 2-km circle around the array would include many of 
the larger craters. The crater Camelol may be crudely modeled by a 20° planar 
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slope, 100 m high (to allow for a gentler slope near bottom), and 2 km long 
(Camelot’s circumference). A 1° degradation of this slope releases 7.9 X 10” ergs. 
If all this energy is transformed into typical seismic events (5 x 10® ergs), it would 
account for 1.6 X 10" events. Assuming that the Central Cluster is equivalent to 10 
Camelots, the 1.6 x 10” events would take approximately 100 m.y. The energy 
detected at the Apollo 17 array could come from moonquakes occurring within the 
Central Cluster craters, but yet not causing excessiv&y rapid erosion of the crater 
walls. 

If slumping of local crater walls, rather than slumping on the North Massif, 
were the cause of moonquakes, the seismic signals would originate closer and 
arrive generally from the south. Present distance estimates do not unequivocally 
differentiate between these hypotheses. The determination of the azimuths 
toward the sources has been complicated by the emergent nature of the 
moonquake signals and the lack of distinct phases. Brief time windows have been 
found in the explosion package seismograms and possibly in some moonquake 
records that show the Rayleigh-wave dispersion expected for the structure in the 
Taurus-Littrow Valley. A dispersive character would imply direct, not scattered, 
Rayleigh waves, which could in turn be investigated in a beam steering study to 
determine their direction of approach. Such a study, now in progress, may shed 
light on the location of the moonquake sources. 

Although many of the local (short rise time) events have unusual spectral 
characteristics indicative of thermally generated equipment noises, some of these 
local events appear to be natural moonquakes (F. Duennebier, personal communi- 
cation, 1975) within 400 m of the array. No large craters are this close to the array, 
and slopes near the landing site are typically no more than 5°-10° (W. R. 
Muehlberger, personal communication, 1975). It is difficult to see how a process 
involving the release of gravitational energy could operate in such a flat region. 

Conclusions 

The source mechanism of “thermal” moonquakes still remains an enigma, but 
further Constraints may now be placed on it. A typical 1-nm (peak-to-peak) 
moonquake releases 10*-10^ ergs; the annual seismic energy release detected at 
the Taurus-Littrow Valley is about 10” ergs. Landslides on the massifs and crater 
walls, previously believed to cause impossibly rapid erosion, can be the source of 
moonquakes without degrading all lunar slopes. Seismic activity reaches a distinct 
peak near sunset, in contrast to the seismicity observed on earlier Apollo 
missions. The variation in b values during the lunar day may be interpreted to 
indicate stress buildup in the source near lunar noon. This is consistent with a 
mechanism that releases stresses seismically during heating, but aseismically 
during cooling. Finally, rise times indicate that the sources are very close, within 
2.5 km of the array. The crater walls in the Central Cluster may be the source 
location of landslide-induced moonquakes. Surface wave studies, now in prog- 
ress, may determine the azimuth to moonquake sources, and differentiate between 
a North Massif source and a Central Cluster source. 
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